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ARBUSCULAR MYCORRHlZAE IN THERMAL-INFLUENCED SOILS·
IN YELLOWSTONE NATIONAL PARK
.
Rebecca A. Bunnl and Catherine A. Zabinskil ,2

ABSTRACT.~Mycorrhizae are common plant"fungal symbioses occurring in most land pl,ants. Despite th~i~. ubiquity,
little is kno\Vn about the distribution of arbuscuIar mycorrhizae (AM) in extreme environm~nts. We surveyed.for the
presence of AM in thermal,sites in Yellowstone National Park (YNP) where soils are charac;tenzed by extr€m~e::~Hs, elevated temperatures, and toxic element concentrations. Plants at 5 sites, growing in soils with rootingczone temperatures
up to 48°(: and soil pH vaiues as low as 3.4, were mycorrhizal (colonization levels from 4% to 34%). Soils from a sparsely
vegetated thermal area and an adjacent, continuously vegetated transition area differed significantly in rooting-zone
temperature (35°C vs. 26°C), acidity (pH 3.8 vs. 5.4), electrical conductivity (2.22 vs, 0.49 mmhos em-I), Fe (181.3 vs.
48.5 mg kg-1),Mn (7.2 vs. 98.2 mg kg-I), and Zn (2.3 vs. 4.5 mg kg-I). Mycorrhizal infectivity potential (MIP) was 77%
greater ill the transition soils, with colonization levels of 26% and 46% in thermal and transition soils, respectively. FI.1f~
thermore, colonization of Agrostis scabra, Dichanthelium lanuginosum, and Mimulus guttatU$ was found to be consisc
tently high throughout the growing season (from 48% to 72%). It is possible that AM are essential for plant life on the
edge of thermal areas, and that either or both symbionts are specifically adapted to their environment. Further research
is required to elucidate AM function in and specific adaptations to YNP's thermal areas.
Key words: arbuscular mycorrhizae, thermal soils, Yellowstone National Park, extreme environments.

Mycorrhizae, intimate symbioses between
plants and fungi, are nearly universal. aiIlong
land plants (Smith aNd Read 1991). Arbuscular
mycorrhizae (AM), also mown as endomycorrhizae, include fungal structures both intemal
and external to roots. Intraradical hyphae,
veSicles, and arbuscules occupy space within
cortical tissue (Smith and Smith 1990), while
the extraradical hyphal network inhabits small
soil pores (Smith and Read 1997). The host
plant provides carbon for the fun~s, while the
fungus increases uptake of phosphorus and
nitrogen (Johansen et al. 1993, Subramawan
and Charest 1999), increases water acquisition
(Stahl et al. 1998), and provides protection from
pathogens (Newsham et al. 1995).
Fossil evidence shows the presence of AM
fungal structures associated with the first land
plants (Remy et al; 1Q94, Redecker et al. 2000),
suggesting that AM were important in terrestrial plant evolution (Blackwell 2000). Despite
their wid~spre!ld nature and t4eir evolutionary significance, our understanding of AM is
limited to studies of a small fraction of host
plants and environments that are amenable to
plant growth.

Previous research on AM fungi in harsh environments has been conducted'in arid environs as well as acidic soils and metal-containi~
nated sites. In arid regions we opserved increased nutrient status in mycorrhizal plants
(Cui' and Caldwell 1996, Subramanian and
Charest 1999) and .incre~sed transpiration
rates (Herman 2000). Plapt growth in acidic
soils is enhanced by AM (Clark et al: 1999,
Cuenca et al. 2001), and AM fungi can amelio"
rate AI toxicity, a cortunon problem !lssociated
with acidic soils (Clark 1997). Arbriscular mycorr~al plants gr=owing in metal"contaminated
soils show enhanced plant growth and metalresistance in some, but not all, stuc4es (Gildon
and Tinker 1983, Danielson 1985, Heggo et al.
1990, Hetrick et al. 1994, Shetty et al. 1994).
Arbuscular mycorrhizae have increased the biomass of native plants growipg on metal"contaminated soils, and AM fungi presence ~t metal;
contaminated sites has resulted in higher colonization levels than AM fungi presence at
non-contaminateq. sites (Moynahan 2002).
The existing literature suggests that AM
fungi may either increa;se or decrease plant
fitness in har~h environments, depending on
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the balance between the cost of carbon allocation to the fungus and the benefits of symbiosis (Johnson et al. 1997). While mycorrmzae
have been hypothesized to be important in
thermal sites because of limiting nutrient lev~
els (Burns 1991), there are no published data
documenting the presence of AM fungi in
plants growing in thermal soils. We examined
plants in thermal soils across a range of temperatures and pH values With the following
objectives. First, We sampled plants from thermal sites around Yellowstone National Park
(YNp) to determine whether AM fungi were
present and, subsequently, if they had colonized roots at multiple thermal sites. Second,
at one site we compared soil conditions, field
colonization, and mycorrhizal infectivity potential (MIP) in thermal and transition soils to
determine if MIP varied with temperature or
soil chemistry. Finally, we monitored AM colo~
nization levels through the summer and into
the fall to determine if colonization changed
seasonally.
METHODS

Our study areas, the thermal sites of YNP,
are located on the Yellowstone Plateau, a 6500~
km2 volcanic region that has been intermittently
active for at least 2.2 million years (Christiansen 1984). The chemistry of thermal soils can
range from acidic to alkaline as determined by
the phase and gaseous components of the rising water, oxidation state of sediments, and
presence or absence of shallow groundwater
(Hemey et al. 1986). This research focuses on
plants growing in acidic soils, in which acidification and acid leaching are major processes
removing plant nutrients and accelerating rates
of mineral weathering relative to nonthermal
soils. Moreover, acidic soils tend to be weakly
developed, with soil-forming activity limited
to the upper 25 cm (Rodman et al. 1996).
Our study irlCluded 5 thermal sites in YNP.
Rabbit Creek, Fire Hole River, Ragged Hills;
Solfatara Plateau, and Lemonade Springs (Fig.
1). These sites contain diverse thermal features,
including geysers, fumaroles (steaming vents),
thermal pools, thermal springs, and boiling
mud pools (Smith and Siegel 2000). In June
2000 we collected Dichanthelium lanuginosum
(Schmoll) Spellenb. from all 5 study sites (Fig.
1), and, in addition, we collected Agrostis scabra
Willd. at Solfatara Plateau.
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Rabbit Creek is located on the east end of
Midway Geyser Basin within the Yellowstone
Caldera. Plants adjacent to fumaroles and boiling mud pools were collected. The Fire Hole
River is in Lower Geyser Basin, in the western
portion of the Yellowstone Caldera, aild plants
were collected from areas adjacent to thermal
pools that border the river. Ragged Hills is
within the Norris Geyser Basin, just north of
the Yellowstone Caldera boundary and west of
Solfatara Plateau. Here, We collected plants
from a dry hillside where a recent temperature
spike had killed most lodgepole pine (Pinus
contorta Dougl. ex Loud.) that had colonized
the site since the 1988 fire. Solfatara Plateau
and Lemonade Springs are located just north
of the Yellowstone Caldera. Plants we collected
from Solfatara Plateau were growing on a dry
hillside with sparse vegetation and elevated
soil temperatures. Plants at Lemonade Springs
were collected adjacent to the thermal springs.
Soil pH was determined by paste extractions
of either 1:2 soil to water for samples from Solfatara Plateau, Ragged Hills, and Lemonade
Springs or 1:1 for samples from Rabbit Creek
and the Firehole River (Sparks et al. 1996). We
measured the pH of each slurry with an Orion
meter (model 720A, Beverly, MA) and an Acc~
umet accuTupH pH probe (13,,620~185, Tustin,
CA). Soil temperature in the rooting zone (5~10
em belowground) of each plant was recorded
at the time of plant collection with a Taylor
temperature probe (model 9841, Oak Brook,
Illinois).
Plant roots were cleaned in the laboratory
under ttinhing water, cleared in a 2.5% by volume KOH solution for 48 hours, rinsed in distilled water, acidified in 3% by volume HCI for
12 hours, and stained with Trypan blue for 12
hours (modified method of Phillips and Hayman
1970). Mycorrhizal colonization was quantified using a magnified intersections method
(McGonigle et al. 1990). From 40 to 134 intersections were examined per plant to determine
colonization levels. Fewer intersections were
examined :if cortical tissue was stripped in the
clearing and staining process. The number of
root segment intersections with vesicles, arbuscules, or mycorrhizal hyphae was divided by
the total number of intersections examined to
determine percent colonization.
At the Rabbit Creek thermal site, we compared MIP and chemistry in soils adjacent to
thermal features (thermal soils) and soils 10 m
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Fig. 1. Relief map of Yellowstone National Park with dark lines depicting major roads and numbers 1 (Rabbit Creek),
2 (Firehole River), 3 (Ragged Hills), 4 (Solfatara Plateau), 5 (Lemonade Spring) indicating locations of sampled thermal
areas.

away from thermal features (transition soils).
We further distinguished these zones by vegetation cover and rooting-zone temperatures.
Thermal soil had less than 50% vegetation
cover and temperatures from 35°C to 40°C,
and transition soil had near-continuous plant
cover and temperatures from 20°C to 30°C. In
September 2000 we collected 500 mL of soil
from 8 thermal soil and 4 transition soil areas
from the rooting-zone of established vegetation. Soils were oven-dried at 95°C for 48
hours and then sieved to 2 mm prior to submission to the Soil, Plant and Water Analytical
Laboratory, Montana State University, Bozeman,
for analysis. A 1:2 soil to water paste extraction
was used for pH and electrical conductivity
analysis (Sparks et al. 1996). Available Cu, Fe,
Mn, and Zn were extracted by the DTPA-TEA
(diethylenetriaminepentaacetic acid triethanolamine) method (Lindsay and Norrell 1969) and
analyzed with inductively coupled plasmaatomic emission spectroscopy (ICP-AES, Sparks
et al. 1996).

Mycorrhizal infectivity potential, a measure
of the relative number of AM propagules found
in soils, is determined by growing bait plants
in the greenhouse in intact soils collected from
the field (Brundrett et al. 1996). Soils from 6
thermal and 6 transition areas were placed in
pots (10 cm square and 9 cm deep) and planted
with tufted hairgrass, Deschampsia cespitosa
L. (Beauv.), a plant that is heavily mycorrhizal
and able to grow in low pH soils (Moynahan
2002). In addition, 5 pots with sterilized sand
(autoclaved twice at 120°C and 25 psi for 90
minutes with a 24-hour resting period) were
placed in the greenhouse to verify that AM
propagules were not from the local growing
environment. After 10 weeks of growth, plants
were harvested, cleared, and stained as described above, and examined microscopically
to determine AM colonization levels.
Arbuscular mycorrhizal field colonization
was monitored across a range of pH and temperature at Rabbit Creek during summer and
fall 2001. We collected plants and prepared
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TABLE 1. AM colonization levels of plants from thermal areas within Yellowston~; n = p.umber of plants eXamined for
colonization levels, Temp. = temperature in the rooting~zone of the plants (5-10 em below ground), % AM fungi =
average percent of intersections containing AM fungal structures.
%AMfungi
Sample locations
Rabbit Creek
Fire Hole River
Ragged Hills
Solfatara Plateau
Solfatara Plateau
Lemonade Springs

Species

n

Temp. (0e)

pH

Vesicles

Arbuscules

Total

D. lanuginosum
D. lanuginosum
D. lanuginosum
A. seabm
D. lanuginosum
D. lanuginosurrf

4
2

31-42
21--38
48.
3&41
33-41
34

3.4-4.&

2.5
9.0
0.2
1.0
6.0
4.0

0.5
2.5
1.2
0.5
0.0
1.0

6
34
4
23
6
34

4
2
2
2

5.~.5

3.6-4.1
3.9-4.1
3.7--3.9
3.6--3.7

roots as previously described. Colonization of levels ranging from 4% to 34% (Table 1). VesiD. lanuginosum was monitored across the,sea- cles or arbuseules were present in 11 of 16
son; plants were collected on 20 June (n = plants sampled, and hyphae in the remaining 5
13), 26 July (n = 12), 21 August (n = 13), and plants were aseptate and consistent in appear23 October (n =::: 10). Agrostis seahra plants ance with the hyphae ass9ciated with mycorwere collected on 26 July (n = 12), and Mimu~ rhizal structurEis in other plants. Sites differed
lus guttatus DC. plants were collected on M signifi<::antly in overall colonization levels (F4 11
June (n = 11). Agrostis seahra waS colle<::ted == 4.15, P = 0.027). Plailts from Ragged Hills
only in July because it had senesced by August and Rabbit Creek had significantly lower coloMimulus guttatus was collected only in June nization levels than those from Lemonade
Springs or the Fire Hole River.
because it had senesced by July.
Thermal and transition area soils at the
Colonization data were In-arcsin transformed
prior to l~way ANOVA to test the null hypoth- Rabbit Creek site differed significantly in
esis that AM colonization did not ·differ be- chemical profile (Table 2). Electrical conduc~
tween sites. $ite was used as a random factor, tivity was 4.5 times higher in thermal soils
(Table 2). Copper did not differ between therand~SD post hoc tests w~re used to determine which sit~s were sigqificantly different. mal and transition area soils (t lO = 0.59, P =
Soil chemistry data from thermal and transi- 0.57), Fe was almost 4 times as high in thermal
tion area soils were analyzed to test the null soils (t10 ~ 2.09, P = 0.063), while Zn (t, unhypothesis' that soil chemistry did not differ equal variances 3.1 = 4.53, P = 0.019) and Mn
between zones, using independent samples and (t 10 = 2.90, P ~ 0.016) were significantly lower
2-tailed t tests after testing for equality of vari,. in thermal soils. Mycorrhizal infectivity potenance by Levene's test. Mycorrhizal ipfectivity tial was 77% higher in transition soils than
potential data were analyzed to test the hyPo- thermal soils (tro = 2.07, P == 0.065), with 26%
thesis that the MIP 6fthe thermal and transition ()f D. c.espitC!sa root length colonized by AM
area soils was not different, using independent fungi when grown in thermal soils, in contrast
samples t tests. In all cases, SFSS (10,0.1) was to 46% colonization levels when grown in
transition soils (Table 2). Vegetation of thermal
used for analysis and a was set to 0.05.
areas was depauperate compared to transition
areas. Thermal areas included A. seahra, D.
RESULTS
lqnuginosum, M. guttatus, and Panieum eapilSoils from all thermal sites sampled were lare L. Transition areas included ~ species
acidic, with the pH ranging from 3.4 to 6.5 present.,in the thermal area in addition to
(Table 1). The only samples with pH values Achillea millefolium L., Antennaria sp., Aster
greater than 4.8 were collected at the Fire sp. , Fragaria virginiana Miller, Gentianella
Hole River. Rooting-zone temperatures of the detonsa (Rottb.), Rumex aeetosella L., Agrostis
plants collected ranged from 21°C to 48°C stolonifera L., G. Don, Elymus spieatus (Pursh)
(Table 1), with the warmest soils found- at Gould, and Poa eomptessa L.
Ragged Hills. Arbuscular mycorrhizae were
Colonization of D. lanuginosum at Rabbit
present in all plants, with average colonization Creek averaged 53% and did not change
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TABLE 2. Soils data from Rabbit Creek Basin, Yellowstone National Park. All metals are given as the avail~le concentration, extracted by DTPEA-TEA and analyzed by ICP-AES.
Thermal area soils
(High stress, n ,: 8)

Temperature (0C)
EC (mmhos cm-I)
pH
Copper (mg kg-I)
Iron (mg kg-I)
Manganese (mg kg-I)
Zinc (mg kg-I)
Mycorrhizal Infectivity Potential

Transition area soils
(Low stress, n = 4)

Average

Range

Average

Range

35
2.22
3.8
0.81
181.3
7.2
2.3

30-40
0.93-5.61
3.1-5.1
0.49-2.30

26
0.49
5.4
0.62
48.5
98.2
4.5

26-28
0.13-1.17
4.9-5.7
0.50-0.71
17-65
50.3-131.6
3.45-5.79

2~95

1.5-1'7.5
1.22-5.33
26%

46%

TABLE 3. Colonization levels for 2001 from Rabbit Creek Basin, Yellowstone National Park, shown as the mean
observed colonization level # the standard error; n = number of plants examined for colonization leveis.
..

%AMfungi

Species

Month

n

Vesicles

Arbuscules

Total

D. lanuginosum

June
July
August
October
Average
June
July

13
12
13
10

10.5 ± 1.9
7.9± 1.1
8.8±3.1
7.1±2.1
8.7± 1.1
12.8 ±4.6
16.5±5.1

4.5± 1.6
1.8 ± 0.4
6.1 ± 0.4
3.5± 0.9
2.6±0.5
11.4 ±2.5
1.7 ± 0.5

63#7
49±4
48±8
51±9
53±3
72±5
66±4

M. guttatus
A. scabra

11
12

through the summer months and into the fall
(October). Additionally, M. guttatus and A.
scabra colonization levels were 72% and 66%
in the monitored months of June and July,
respectively (Table 3).
CONCLUSIONS

Arbuscular mycorrhizae are present in multiple thermal areas across YNp, desptte conditions that are limiting to plant groWth, including acidic soUs and elevated rooting~zone temperatures. Furthermore, AM fungal propagUles
are able to survive in extreme soil conditions,
albeit at lower levels than in adja,cent, less
extreme soils. Thus, even where vegetation is
sparse and soil conditions unfavorable for plant
growth, colonizing plants will have access to
AM fungi. Although our data characterizing
these sites are limited, thermal soils are !mown
to exhibit extremely heterogeneous soil chem~
istry (R.odman et al. 1996). This fact underscores the plasticity of both the plants and the
AM fungi to a wide range of environmental
conditions.

Colonization levels of A. scabra, D. lanuginosum, and M. guttatus were sa;mpled mote
intensively at Rabbit Creek during 2001 and
were consistently higher than colonization lev~
els of D. lanuginosum at Rabbit Creek during
2000. The lower colonization in 2000 might be
attributed to different microsite conditions and
to variability between each year's weather con~
ditions, but it is also confounded by small Sample size. Nonetheless, colonizatioll levels of D.
lanuginosum were constant through summer
and fall. The pervasiveness of AM in thermal
areas, coupled with its historic importance for
plants colonizing marginal habitats (Blackwell
2000), implies that AM may be critical for plant
growth in thermal environments.
We observed signmcaIlt changes between
thermal and transition soils in rooting-zone
temperatures, soil chemistry, plant species
diversity, and MIP. Decreased plant species
diversity in the thermal areas provides evidence that the conditions limit plant growth.
In addition, because of the age of the thermal
areas (Christiansen 1984), we expect that either
the plant or fungal symbionts, or both, may have
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developed adaptations to their environment.
However, because changes are occurring in the
plant community, the rooting~zone temperature, and the soil chemishy simultaneously, it is
d.i.fficult to predict what those adaptations are.
Arbuscular mycorrhizae may be a key factor
in plant life on the edge of thermal areas, and
either plants or fungal symbionts, or both, may
be specifically adapted to the unique thermal
environments. Because plants encounter multiple limiting environmental factors in thermal
soils, carbon fixation and biomass accumulation
are restricted, and AM could provide plants
with increased nutrient acquisition. However,
if nutrient needs are low for plants with diminutive stature (Koide 1991), mycorrhizae may
be parasitic with higher costs than benefits
(Johnson et al. 1997). Further research is required to clarify AM function in thermal soils
and specific adaptations by either symbiont
that right alter the function of this intimate
symbiosis.
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PLANT INVASIONS IN PROTECTED AREAS AT MULTIPLE SCALES:
LINARIA VULGARIS (SCROPHULARIACEAE)
IN THE WEST YELLOWSTONE AREA
Anibal Pauchard1,3, Paul B. Alabackl, and Eric G. Edlund2
ABsTRAbT.~Invasive alien plants have long been recognized as a threat to low-elevation, disturbed environments,
but the case of Linaria vulgaris Mill. in Yellowstone National Park and Gallatin National Forest shows that invasions can
also spread to high"elevation natural reserves. Because invasions in protected areas are a product of complex processes
occurring over a broad range of scales, we argue that a multi-scale research approach is needed to capture both patterns
and potential mechanisms of the invasion process. Mapping L. vUlgaris at the landscape scale, we found the species
occupying a broad range of sites, apparently originating from just 2 historical sources, colonizing both human-caused
and natural disturbances. Analyzed at the stand scale, patches tend to aggregate in newly invaded areas and disperse in
heavily infested areas. The data suggest that patches grow in size by clonal growth and in number by creation of new
satellite patches. Radial patch growth rates are related to site characteristics. Clonal patch scale analysis shows that ramet
densities and Linaria's effects on native plants are highest in patch centers. Both mean ramet height and reproductive
vs. vegetative ramet height ratio are higher in patch cores. These results suggest that L. vulgaris may displace natural
vegetation by m~taining vigor even in large and old clonal patches. Our results confirm that L. vulgaris is a significant
threat to native biodiversity in open, human~ or naturally disturbed environments in protected areas of the Rocky
Mountains. A multi-scale method can allow managers to better understand patterns of invasion and prioritize management activities to control invasive alien plants, especially in heterogeneous protected area landscapes.

Key words: exotic plant species invasion, protected areas, multi.scale method, Linaria vulgaris, Yellowstone National
Park, Gallatin National Forest, boundary issues, landscape analysis, clonal patch, spatial distribution.

Invasive alien plant species threaten biodiversity worldwide (Mack et al. 2000, Sala et
al. 2000, McNeely et al. 2001). Invasive alien
plants not only change the composition of invaded communities, but also affect ecosystem
processes such as disturbance regimes, wildlife interactions, evolutionary processes, and
biogeochemical cycles (Mack et al. 2000). Most
invasive alien species are adapted to highly
disturbed, nutrient-rich, low~elevation agricultural or urban environments (D'Antonio et al.
1999, Hobbs 2000, Sax and Brown 2000). Many
protected areas or natural reserves, at least in
temperate zones, occur at high elevations and
relatively undisturbed environments (Noss and
Cooperrider 1994, Scott et al. 2001). Consequently, the number and abundance of invasive alien plants is much lower in protected
areas than in surrounding human-dominated
landscapes (Forcella and Harvey 1983, Lonsdale
1999, Pauchard and Alaback 2004). However,
invasive species can still become a significant
threat to ecosystems conserved in protected

areas (MacDonald et al. 1989, Lesica and Alllenshalager 1993, DeFerrari and Naiman 1994,
Stohlgren et al. 1999, Olli:ff et al. 2001).
The high ecolOgical value of protected areas
and often low abundance of alien invasive
plants pose unique challenges for monitoring
and studying invasion processes. Most commonly used methods for monitoring weed
populations are designed for highly disturbed
and homogenous landscape elements where
invasive plants are abundant (Cousens and
Mortimer 1995). A conceptual framework for
sampling invasive plant populations and their
effects is needed for protected areas and their
adjacent matrixes (sensu Lindenmayer and
Franklin 2002), recognizing both the complex
and heterogeneous landscapes, and the invaders'
contagious distributions and low population
density.
To identify the underlying mechanisms of
plant invasions in protected area landscapes,
we must consider the broad range of scales
and processes involved (Stohlgren et al. 1999,

ISchoo! of Forestry, University of Montana, Missoula, MT 59812.
2Department of Geography, University of Montana, Missoula, MT 59812.
3Present adress: Facultad de Ciencias Forestales, Casila 160-C, Concepcion, Chile.
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Mack 2000, Chong et al. 2001). According to
hierarchy theory, each scale involves a unique
set of processes and mechanisms (Allen 1998).
The description of any ecological phenome~
non may be incomplete or misleading without
assessment of related patterns at coarsei' scales
(Dixon et al. 2002). A fine-scale approach (for
example, monitoring an invasive plant using a
1-m2 quadrat commonly used in agricultural
weed studies) may illuminate specific elements
of that species' population biology and effects
on local biodiversity; however, that approach
would likely overlook processes occurririg outside the infested area, such as long-distance
dispersal. Conversely, landscape studies often
fail to integrate fine-scale phenomena that
may ultimately control landscape patterns. For
managers, an assessment strategy that integrates
methodologies across multiple scales may help
identify the dominant mechanisms governing

the invasion process and thereby provide an
effective control strategy (Table 1).
In the West Yellowstone area, Linaria 1YUl~
garis Mill. (common or yellow toadflax, "butter
and eggs") is one of the most invasive alien
plant species, occupying heavily disturbed areas
of the Gallatin National Forest and threaten;
ing to expand into more pristine areas in the
adjacent Yellowstone National Park (Whipple
2001, Olliff et al. 2002). Linaria 1YUlgaris, a
member of the SCi'ophti!ariaceae f~y native
to disturbed sites in Eurasia, was introduced
to North America as an ornamental perhaps
300 years ago (Saner et al. 1995), but it has
only recently become an important problem in
natural areas of the Rocky Mountains. It is an
aggressive perennial weed in agricultural and
rangeland environments, reproducing by both
sexual and asexual mechanisms (Nadeau and
King 1991, Nadeau et;il. 1991, 1992, Saner et

TABLE 1. Theoretical multi-scale framework for assessing alien plant invasions. At each scale a different set of
processes can he evaluated and unique management strategies can he designed.
Element/Scale

Landscape

Stand

Invader patch

Spatial dimensions

• Defined by geoecological
system (over 106 m2)

•Area of the stand and large
plots (1,000-10,000 m2)

• Patch size and microplots
(0.1-500 m 2)

Temporal scale

• Events that occur over
hundreds ofyears

• Events occur in decades

• Events OCCur yearly

Key processes and
structures affecting
invasion

·Topography, winds
• Land use and history
• Macroclimate

• Soil series
• Disturbance regimes
• Microclimate
• Plant community types

• Microsite variation (e.g., soil
disturbance, coarse woody debris)
• Plant interactions
• Plant-animal interactions

Spatial pattern detection

• IdentifY infection loci and
sinks, and dispersal corridors

• IdentifY spatial arrangement ofpatches
• Patterns of short distance
dispersal

• Individual ramet distribution
• Density patterns

Processes studied

• Long"term dispersal and
interactions with landscape
structure (e.g., long-term
patterns of spread along
corridors)

• Interaction between
invasion and disturbance
and site characteristics

• Population dynamics
• Interaction with native plants

Monitoring

• IdentifY key loci ofinfection
and detect new isolated patches

• Monitor in£illing of
colonized stands
• Monitor successional
changes

• Monitor population
characteristics
• Monitor effects on native species

• Detect and prioritize infested
areas.

·Test efficacy of control
methods and their interractions with site factors
• Determine invasion
effects on overall native
plant community

• QuantifY control effects on
population dynamics

Conservation and
management
applications

• Determine the effects of control
in native plants
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al. 1995). It invades from sea level to over
3000 m and up to 60 degrees N latitude. It
prefers open, wet environments and usually
grows on gravelly Or sandy soils after heaVy
natural or human soil disturbance, creating
discrete patches due to its clonal growth and
predominantly short-distance dispersal (Nadeau
et al. 1991, Saner et al. 1995). Asmall proportion of its winged seed disperses long dis~
tances both by wind and animal vectors (Saner
et al. 1995). Biocontrol insects may attack L.
vulgaris from roots to seeds and have been
extensively used with variable success (Saner
et al. 1995).
Linaria vulgaris invasion in the West Yellow~
stone area serves as an ideal case study to
demonstrate the utility and feasibility of the
multi-scale approach to study invasions in protected areas since L. vulgaris is a rapidly spreading early invader and is easy to detect at both
community and landscape scales. In this paper
we report on our ongoing investigation into
Linaria vulgaris invasion ofYellowstone National
Park and Gallatin National Forest. Linaria vulgaris has the potential to invade new high-ele~
vation environments in the Rocky Mountains,
and we hypothesize that its ability to invade
depends on several mechanisms occurring at
the landscape, stand, and patch scale. We relate
spatial patterns and characteristics at these
scales to factors of land use and site history.
We discuss advantages and disadvantages of
our method and conservation implications of
studying plant invasions in protected areas
using a multi-scale approach.
STUDY AREA

The study area (Fig. 1) is in the Madison
Valley neat the western entrance ofYellowstone
National Park (NP) and the adjacent Gflllatin
National Forest (NF; 44°48'N, 111°12'W and
44°31'N, 111°00'W). The national park boundary reflects a strong contrast in land use, while
the .2 sides of the study area are similar in elevation, soil type, and habitat type (Despain
1990, Hansen and Rotella 1999). Soils, formed
on glaCiofluvial outwash plains derived from
rhyolite (Rodman et al. 1996), are sandy, welldrained, low in nutrients, and highly suscepti~
ble to drought during the summer months.
Climate is strongly influenced by high elevation
(2000 m), with annual precipitation around 550
mID, mostly in the form of snow. Mean tem~
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Fig. 1. Map of the study area in West Yellowstone, Montana. The square indicates the location of the study area. A
detailed map of the study area is presented in Figure 2.

perature ranges from a low of -11.1°C during
January to a high of 15.2°C in July (Western
Regional Climate Center 2001).
Pinus contorta forests and Artemisia triden~
tata semiarid shrublands are dominant vegetation types (Despain 1990). Catastrophic fires
occur at least every 300 'to 600 years (Despain
1990). The 1988 Yellowstone fires burned an
important portion of the study site inside the
park but little on the Gallatin NE Gallatin NF
has been highly disturbed by logging during
the past 3 decades, declining in the 1990s (Susan
LaMont, USDA Forest Service, West Yellowstone, personal communication). Increasing
numbers of tourists are visiting the area yearround.
Since the late 1800s, grazing, logging, and
transportation have facilitated the introduction
of aggressive weeds like Centaurea maculosa,
Linaria vulgaris, Linaria dalmatica, Melilotus
officinalis, Cirsium arvense, and Verbascum
thapsus (Olliff et al. 2001). Although the harsh,
high-elevation climate restricts the intensity of
weed invasion (Forcella and Harvey 1983), plant
invaders nevertheless have colonized humandisturbed ~eas such as roads and campgrounds
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Fig. ~. Landscape distribution of Linaria vulgaris patch clusters in the study site: A, West Yellowstone study site
(rhomboid indicates town of West Yellowstone; the square is enlarged in part B); B, an example of spatial cluster distri"
bution at the landscape scale, with clusters classified by size.

(Allen and Hansen 1999) and are progressively
invading riparian habitats and other pristine
environments. Both the National Park Service
(NPS) and the U.S. Forest SerVi,ce have developed management plans for controlling weed
invasion (Olliff et al. .2001).
METHODS

Linaria vulgaris invasion and its effects were
studied at 3 scales: landscape, stand, and clonal
patch (Table 1). Each scale was deBned arbitrarily to capture a unique set of processes,
and the specific methods used varied With
scale (Table 1). The study area for the landscape
scale was defined to deterinine L. vulgaris dis~
persal processes and habitat invasibility in the
Madison Plateau (approximately 20 x 10 Ian;
Figs. 1, 2). The area includes portions of Cal~
latin NF and Yellowstone NP. Short-distance
dispersal processes, infilling of infestations,
and interactions With local site characteristics
were studied using the stand scale. The sam~
pling-size unit was defined as a macroplot of
50 x 100 m, sufficient to evaluate the structure

and dynamiCS of groups of clonal patches. At
the finest scale, the clonal patch varies from
50 crn to 25 m in diameter. A .20 x 50~cm sample unit was used at this scale to evaluate
processes including population structure of L.
vulgaris a,nd the species interactions With native
vegetation.
Landscape Scale
In the summer of 2001, we completed a
census of the locations and attributes of 300
clusters of L. vulgaris clonal patches. RegiOnS
of patch clusters were searched systematicaJ].y
in an effort to capture the majority of existing
patches. We recorded differential CPS posi~
tions With a Trimble CeoExplorer 2 (3~ m
a,ccuracy); patch clusters were considered sep~
arate units when the distance to the nearest L.
vulgaris plant was more than 5 m. Large areas
With solid infestations (clusters >50 m) were
recorded as polygons rather than individual
clusters. We noted the following attributes for
each cluster: land use class; longest diameter
and longest perpendicular axis length; azimuth
of the longest diameter; ramet density in a
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TABLE 2. Scale definition for 3 attributes of the landscape-scale assessment of Linaria vulgaris patch clusters.

Attribute
Class

Scale definition

Land use
Road
Logged area
Riverside
Natural vegetation

Area located 10 m from a road or highway
Area has been clearcut or intensively logged during the last 30 years
Area is near a river, lake, or in riverbanks
Area does not show signs of heavy human disturbance

Fire intensity
1
2
3
4

Area with no historical record or physical sign of fire
Area with historical record of fire but no physical signs
Area with scattered phystcal signs of fire such as coarse, woody debris charcoal
Area with high density of coarse, woody debris charcoal (bum piles in logging operations)

Soil disturbance
1
2
3
4

Presence of bare soil, but no signs of soil turnover
Presence ofbare soil, signs of turnover disturbance, but>25% herbaceous cover
High levels of soil turnover (e.g., gopher mounds), <25% herbaceous cover
Soil disturbed periodically, <5% plant cover (e.g., roads, trails)

randomly located 50 x 20-cm microplot; aver~
age dominant height; visually estimated percent of reproductive ramets; soil disturbance;
fire in- tensity; tree height; and visually estimated percent canopy cover, percent shrub
cover, and combined herb and grass percent
cover, excluding L. vulgaris, both inside and
outside· the cluster (Table 2). Location and
cluster attri- butes were plotted in ArcView
3.2. We used SPSS 10.0 to statistically analyze
variability in cluster size, land use, soil disturbance, and fire intensity variables.
Stand Scale
In August 2000 we recorded spatial attributes
bf L. vulgaris patches in five 50 x 100-m macroplots. In the Gallatin NF, we located 3 macro~
plots in old clearcuts (logged between 1918
and 1982), and 1 in a newer clearcut (logged
in 1992). In Yellowstone NP a single macroplot
was located on a riverbank of the Madison
River. The 3 old clearcut macroplots Were ran~
domly selected from areas With high levels of
L. vulgaris infestation. The neWer clearcut and
riverbank macroplots, on the other hand, repre~
sented unique characteristics of early invasion
that were impossible to replicate and were
therefore considered as study cases. We recorded the longest length, perpendicular longest
width, and azimuth for each patch in each
inacroplot. Plants separated by more than 50
cin were considered to be different patches.
Patch corners and centers were permanently
marked with metal stakes. Field measurements
and trigonometric functions were used to cre-

ate polygons in Arclnfo 8.0 and ArcView 3.2,.
In August 2001 we returned to each patch and
recorded its positive or negative radial (horizontal) growth along the previously measured
axes. New patches in the macroplots were
added to the spatial data. We also recorded
the substrate condition in 4 categories: Pinus
contorta litter (>50%), herbaceous plant coVer
(>2,5%), bare soil (>75%), and coarse woody
debris (>50%).
We assessed spatial patterns in the 2000 data
using 2 macroplots, 1 in an old clearcut under
severe invasion and the other in a newer clear~
cut at early stages of invasion. We conducted
point pattern analyses using patch centroids
Within macroplots. Using a standardized nearest~neighbor distance (R-statistic; Fotheringham et al. 2000), we classified patches as clustered (R < 1), random (R :::= 1), or dispersed (R
> 1). For old clearcuts differences in mean patch
radial growth were tested using a KrtiskalWallis nonparametric test for each factor (macroplot, land use, substrate) and a Mann-Whitney
test for pairwise comparisons (significant when
P < 0.05). The correlation between radial
growth and longest patch diameter was tested
using a linear regression model (significant
when P < 0.01).
Clonal Patch Scale
In August 2000 patches were randomly
selected in each macroplot to locate 20 x 50~
em microplots (Daubenmire 1968). Patches
were stratified into small, medium, and large
classes. For inedium (5-10 m long) and large
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patches (> 10 m long), seven I-m microplots
were located along the longest patch axis, 2
9utside the edge,. 2 within the patch along the
edges, 2 in the interior, and 1 in the middle
(Fig. 3). In small patches «5 m long), only 5
microplots were located (Fig. 3). Microplots
were marked permanently using metal stakes.
In each microplot we recorded every ramet
along with its height class (10 cm) and reproductive stage (vegetative, reproductive) based
on the presence of reproductive structures.
Cover for each plant species was assigned to
the 5 cover classes ofBraun-Blanquet (described
in Mueller~Dombois and Ellemberg 1974).
Microplots were remeasured in August 2001.
Differences in microplot variables at the
outside, edge, interior, and middle of patches
were tested in medi~m and large patches
combined using only the data for old clearcuts
(N = 12 patches, n = 84 microplots). Variables
included ramet density, ramet density by
reproductive stage, ramet height, L. vulgaris
percent cover, species richness, and total percent cover of other plants. In all cases, because
the data were not normally distributed (Kolmogorov-Smirnov, P < 0.01), nonparametric
tests were used (Kruskal~Wallis and MannWhitney for pairwise comparisons, significant
when P < 0.05).
RESULTS

Landscape Distribution
At the landscape scale Linaria vUlgaris occupies a wide variety of environments in the
Gallatin NF, from clearcuts to sagebrush com~
munities, while in Yellowstone NP it is constrained to roadsides, riverbanks, and isolated
areas in burned sites (1988 fires) and rocky hillsides (Fig. 2). Patch size distribution followed
an inverted exponential purve, indicating a continuous recruitment of new patches (Fig. 4).
Most patches in the study area occurred in
logged areas (39.3%), along roadsides «2 m
from the road; 35.3%), and within 10 m of a
road (20.3%), while just a fraction occurred in
more pristine lake or river environments (3.2%)
or in other natural vegetation (1.7%). Most recorded clusters were in and around a heavily
infested area 6 km west of West Yellowstone
around Highway 12 (Fig. 2). This area has been
intensively logged in the last 20 years, favoring the establishment of L. vulgaris, and sev~
eral infestations are dense enough not to have

Fig. '3. Schematic diagram showing the location of 7
microplots (50 x 20 cm) used in large and medium-sized
patches of Linaria vulgaris. Spacing between plots is 1/4
ofpatch length. In small patches «5 m) only 5 microplots
were located (2 outside, 2 along the edges, and 1 in the
center).

been recorded as separate patch clusters (Fig.
2). In addition, a small number of patches and
a heavily infested area were found along the
sandy shores of Hebgen Lake (Fig. 2).
Linaria 'vulgaris is abundant in loose and
bare soils with >52% of the recorded clusters
in periodically disturbed sites such as roadsides (Fig. 4). Linaria vulgaris was also abundant in fire piles or areas that had been sub~
ject to intense fire. Almost 10% of the patches
occurred in areas with signs of severe burn,
which ,are frequent in logging areas, but may
also occur in natural fires (Fig. 4).
Nineteen patch clusters·(6.3%) were found
in the interior ofYellowstone NP. Clusters were
found in the park along the highway (58%), in
riverbanks (21%), on secondary roads (11%),
and in natural vegetation, including a burned
area and a hillside (Fig. 2).
Stand Scale
Linaria vulgaris patches showed a different
spatial arrangement in the old clearcut com~
pared with the new clearcut (Fig. 5). Patches
covered 12.5% of the macroplot area in the old
clearcut, but only 1.3% in the new clearcut.
Patch density was also higher in the old clearcut (58 . ha~l) compared with the new clearcut
(20 . ha-1). Mean patch size differed signifi~
cantly between the old (26.3 m2) and the new
clearcut (6.1 m2; Mann~Whitney, P < 0.01).
Within the new clearcut, the centroids of
the 10 mapped patches were significantly aggregated (nearest-neighbor R = 0.53, P < 0.05; Fig.
5B). Clonal patches of L. vulgaris occurred in
only 3 areas of the clearcut, and in 2 of those
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class (1 = no disturbance to 4 = periodically disturbed soil; see Table 2 for details).

areas clusters of 3-4 small patches (< 1 m diam~
eter) were found in close proximity to individ~
uallarge patches (diameter :>5 m). Within the
old clearcut, on the other hand, patch centers
inside the 50 x 100~m macroplot showed statistically significant dispersion (nearest~neigh
bor R = 1.34, P < 0.005; Fig. 5A). Because
most patches in the old clearcut measured at
least 5-10 m in either or both directions, the
frequency of closely neighboring patch centers
was reduced below the rate that would be found
in a random point distribution.
There were no significi:lIlt differences in
mean r11,dial growth between the 3 old clearcut
macroplots in the period 2000-2001 (KruskalWallis, P :> 0.05). Mei:lIl radial growth in the
old clearcuts was 21.2 ± 1.4 cm (Fig. 6A), sig:i:l.i£icantly higher than the growth rate in the
new clearcut (32.8 ~ 3.8 cm; Mann-Whitney,
P < 0.01). Meanwhile, mean radial growth in
the riverbank macroplot (28.5 ± 4.6 cm) was
not significantly different from either of the
other land use types (Mann-Whitney, P :> 0.05).
In old clearcuts substrate was a significant factor in determining radial growth (Kruskal-Wallis, P < 0.01; Fig 6). However, the only pairWise
significant difference Was between bare soil
and Pinus contorta canopy (P < 0.01), which
had the highest and lowest growth, respectively.
Clonai Patch Scale
Linaria vulgaris percent cover and ramet
density in old clearcuts were higher in interiors
and centers than in the edges of clonal patches
(Kruskal-Wallis, P < 0.01; Mann~Whitney, P <
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Fig. 5. Clonal patch spatial arrangement in the .Gallatin
National Forest: A, an old clearcut; B, a new clearcut. The
macroplot is 50 x 100 m; total number of patches is 27 fot
A and 10 for B.

0.01; Figs. 7A-C). Total cover of other species
Was also related to position (Kruskal~Wallis, P
< 0.01), but decreased in patch cOres (MannWhitney, P < 0.05; Fig. 7B). Species richness
Was not related to position in the L. vulgaris
patches (Kruskal-Wallis, P :> 0.05).
In old clearcuts the density of vegetative
ramets in patch edges was significantly greater
than the density of reproductive ramets (MannWhitney, P < 0.05; Fig. 7D). At patch centers
and interiors, reproductive and vegetative ramet
densities were not significantly different (Mann~
Whitney, P :> 0.05). Overall, plants were taller
in patch centers (Fig. 8A). However, when
ramets were classified by reproductive stage,
average height for vegetative and reproductive
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was not significantly different from either of the other land use types. Because some patches had merged in 2001, the
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(BS == bare soil, PC == >25% plant cover, CWO == >50% coarse woody debris, LIT == 2:50% cover of Pinus contorta
litter). Only canopy and bare soil were significantly different (Mann~Whitney, P < 0.05).

ramets did not vary with position (Fig 8B).
Therefore, differences in average height corresponded mainly to differences in the proportion of reproductive vs. vegetative ramets.
DISCUSSION
Our method is useful in understanding invasion processes at each of the 3 scales and
evaluating the potential threat of this species
in West Yellowstone ecosystems. Long-distance
dispersal and patterns of overall invasion at
the landscape scale, rapid patch expansion at
the stand scale, and loss of native vegetation at
the patch scale indicate that Linaria vulgaris
can strongly affect ecosystems both through its
rapid expansion and its competitive ability. L.
Vulgaris is able to invade high-elevation, pro.
tected areas in the Rocky Mountains, following
road corridors and establishing new patches in
a wide range of disturbance regimes and habitats. Once established in a new location, this
species expands the number and density of
patches and increases its ramet density within
patches, affecting native plant communities.
Landscape Scale
Linaria vulgaris is widely dispersed across
the landscape, but patch cluster density is highly
variable. Management and land use appear to

be key factors in determining the concentration of L. vulgaris infestations in the developed areas of Gallatin NE Patterns of cluster
distribution are consistent with the presence
of a major source of propagules in the Gallatin
NE A late-1800s ranch on the western edge of
the study site has probably been the major
source of propagules (Susan LaMont personal
communication). There is also evidence that a
small population was established in the park for
aesthetic purposes and now is responsible for
at least 1 wild population along the Madison
River (Craig McClure, NPS, personal commilnication). However, most clusters inside the
park occur near the entrance highway and
were probably initiated from propagules brought
by vehicles from the extensive infestations in
the Gallatin NF «10 km apart) and/or contaminated sand and gravel used for road mainte~
nance. Long-term monitoring and additional
spatial analysis of cluster distribution are needed
to understand invasion dynamics at this scale,
S:ince many invaders show rapid genetic change,
genetics techniques may also help to elucidate
flow of propagules in the landscape (Sakai et
al. 2001, Lee 2002).
. Our landscape assessment supplemented
previous reports that did not provide quantitative data and missed the ocurrence of L. vUlgaris in less developed areas (Susan LaMont
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personal communication, Craig McClure personal communication). From the landscape~
scale analysis we were able to hypothesize the
location of both the initial infestation and the
current major sources of propagules. One of
the major constraints of our method at the
landscape scale is the lack of true replicates,
preventing statistical analysis. In future stud~
ies we recommend use of a broader coarse;
scale assessment of weed populations, perhaps
using randomly located long transects. This
would provide statistically robust data on weed
presence over extensive areas, with critical
information on the locations of rare and small
new populations (Maxwell et al. 2001).

Stand Scale
At the stand scale we hypothesize that a
clumped distribution is indicative of an early
stage of invasion, as shown in the case of the
new clearcut. Aggregation is caused by clonal
growth or poor dispersal and may be an ecological strategy to overcome interspecific competition and assUre persistence (Nadeau et al.
1991, Saner et al. 1995, Murrell et al. 2001).
After overcoming local dispersal barriers by
sufficient propagule production and coloniza~
tion of the majority of suitable sites, the invasion process leads to a more random and, in
some cases, dispersed distribution, as is the case
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Fig. 8. Microplot mean averages of height (± sx) in the edge, interior, and center in large and medium Linaria vulgaris
clonal patches (n = 12; center plots = n, all others == 2n). A, Average height considering both vegetative and reproductive
ramets is significantly different from edge to center (Kruskal,Wa!lis, P < 0.01). Lowercase letters indicate significant differences (Mann"Whitney, P < 0.01). B, Average height by reproductive stage. Height differences are not significant for
either vegetative or reproductive stages across the 3 positions (Kruskal-Wallis, P > 0.05). However, mean height ofvegetative ramets is always significantly different from the mean of reproductive, ramets (Mann-Whitney, P < 0.01). Lowercase letters indicate significant differences (Mann,Whitney, P < 0.01).

in old clearcuts. These areas generally show
dense and sometimes continuous L. vulgaris
patches that are controlled mainly by environmental conditions r~ther than by propagule
availability. Our monitoring data suggest that
new patches tend to be established as satellite
patches and in some cases are absorbed into the
parental patch. Even in heavily infested areas,
new patches become established in the remaining noninvaded sites.
The higher radial growth of L. vulgaris in
the new clearcut confirms its aggressive vege"
tative growth in recently disturbed soils. The
relatively low overall average rate of growth
(ca. 20~0 cm) reflects the harsh natural environment (c£ up to 2 m . yr-l growth of L. vul~
garis in recently disturbed barley crops; Nadeau
et al. 1991). The lower radial growth in Pinus
contorta litter suggests that Linaria is not a
good competitor in tree-shaded environments.
The lack of relationship between patch diameter and radial growth shows that the potential
for patch expansion does not diminish in older
patches, confirming that a patch could persist
indefinitely as long as the overall environmental conditions do not change (Lajeunesse 1999).
Negative radial growth in a few patches could
indicate a temporal dynamic in spatial distri-

bution related to climate variations (e.g., intense summer drought), competition with native
plants, the presence of herbivory, or a combination of these factors (Saner et al. 1995, Pauchard 2002). We believe that our monitoring
data will eventually help to answer those.
questions. The presence of both native and
introduced insect predators may be a major fqctor controlling the expansion of these popula~
tions (Bruce Maxwell, Montana State University, personal communication; Saner et al, 1995).
Our method was efficient in evaluating the
spatial distribution of L. vulgaris patches, de~
termining overall characteristics of pgtch pop,.
ulations, and showing how stand structure converged from clumps to random distribution
over time. However, our methods at the stand
scale presented difficulties in assessing patch
shape, because of irregular shapes that are more
difficult to characterize than an ideal ellipse,
Also, as we have observed in the monitoring
process, patches tend to gt9W unevenly, changing their shape and orientation y'eat by year sO
that re~mgpping may be needed (Lajeunesse
1999). Replication of macroplots in early stages
of invasion is needed because these areas
probably have the most rapidly changing populations.
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Clonal Patch Scale
At the patch scale higher ramet density in
patch cores compared with edges indicates
that patches are expanding and maintaining a
high ramet density. We found mean densities
of almost 200 plants' m-2 , slightly higher than
those found by Clements and Cover (1990 in
Saner et al. 1995) in Ontario natural grasslands; but lower than the 300~700 plants' m-2
found in agricultural crops (Nadeau et al.
1991). The high ramet density in patch centers
suggests that this species does not undergo
Significant die~off after reaching maximum
densities. Linaria vulgaris thereby presents a
more cli:fficult control problem than Linaria
dalmatica, which has shown die-off or ring
growth (Vujnovic and Wein 1997).
As it appears in old clearcuts, L. vulgaris is
diminishing cover ofnative plants in patch cores
but not reducing species richness. We do not
lmow if this pattern is due to rapid colonization of bare soils or if it really implies a dis~
placement of the native species. The higher
ramet density and mean height in the interior
of patches show a trend of increasing biomass
as the patches expand. This may reduce avail~
able resources and lead to impoverishment of
the native plant community. However, prelim~
inary soil tests on patch centers and exteriors
show no Significant trend in nutrient availabil~
ity. Even at higher densities, L. vulgaris height
is not affected by intraspecific competition in
patch cores; tallest ramets grow in densest
areas of the patches. Similarly, height of repro~
ductive ramets does not decrease with
intraspecific competition. Therefore, we expect
that patch area and propagule output will be
proportionally related. However, our ability to
determine population structure was limited due
to the dominant vegetative reproduction of L.
vulgaris. The proportion of ramets and genets
is impossible to calculate with our method and
thus cli:fficult to assess the importance of sexual reproduction in the dynamics of patch expansion. Alternative methods such as excavation
of all ramets and genets and genetic testing
could be used to solve this limitation.
The study of ecological phenomena at this
fine scale is crucial in understanding the behavior of the invader and its interaction with
native vegetation (Table 1). Overall, the clonal
patch scale provides the most information on
the dynamics of interaction between invasive
plant and native species.
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Conservation Implications:
Integrating Scales
Linaria vulgaris invasion in the West Yellowstone area illustrates that invasive plant species
are becoming a threat not only to low-elevation disturbed environments, but also to remote,
high~elevation, protected areas. Ecological phenomena such as invasions do not distinguish
political boundaries (Landres et al. 1998, Lindenmayer and Franklin 2002), and thus land
use practices that favor invasive species in
adjacent land may be the starting point of invasion processes in protected areas. The distribution, abundance, and growth trends of L.
vulgaris in the Yellowstone area, as deduced
from our multi~scale approach, suggest that
this species has the potentia) to invade both
pristine and human~disturbed areas in highelevation environments in the Rocky Mountains. Furthermore, the increase in visitation
and development around protected areas is
facilitating the spread of alien invasive species
into natural communities even under harsh
climatic conditions. Anecdotal data from other
areas confirm this trend. Linaria vulgaris is an
important problem in Rocky Mountain National
Park, Colorado, where it occurs up to 3600 m
elevation in naturally disturbed ground (Jeff
Connor personal communication). In the Northern Rockies, U.S. Forest Service weed specialists have observed L. vulgaris populations between 1000 m and 2000 m on national forest
lands (Pauchard unpublished data).
In Yellowstone Np, L. vulgaris could easily
expand into other open areas such as riverbanks, fires, meadows, or sagebrush shrublands. We already have found patches far from
human corridors in naturally disturbed grounds.
Increased recreation and visitation could promote further dispersal into remote areas. Iden~
tifying correlations of L. vulgaris invasion with
habitat characteristics (e.g., disturbance regime)
and dispersal constraints (e.g., distance from
nearest seed source) would help to predict
future infestations. Also, the role of natural
fine-scale disturbances in L. vulgaris expansion needs to be studied, especially the effects
of pocket gophers and large herbivores (e.g.,
Reichman and Seabloom 2002). The presence
of natural hybrids of L. vulgaris and L. dalmatica in our study area increases the risk of invasion due to hybrid vigor and' rapid genetic
change (Saner et al. 1995, Vujnovic and Wein
1997, Sakai et al. 2001).
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The multi-scale data suggest that L. vulgaris
management would be most efficient by emphasizing control on new populations and dispersal corridors. Disturbed environments close
to major dispersal corridors should be emphasized in monitoring activities. At present, Yel~
lowstone NP applies herbicides to all L. vul~
garis patches that are sources of seeds that
may be dispersed by vehicles or pedestrians
(Olliff et al. 2001, Craig McClure personal com~
munication). A similar control approach is used
by the Gallatin NF and Gallatin County. Biocontrol agents have been released in Gallatin
NF during the last 2 decades (Susan LaMont
personal communication), and some have dis~
persed into L. vulgaris patches inside Yellow~
stone NP (Olliff et al. 2001). Even so, L. vulgaris
expansion continues, especially in isolated areas
of the southern corner of Yellowstone National
Park (Whipple 2001).
Our multi-scale method enhances understanding of invasion processes in complex natural landscapes by integrating coarse~scale phenomena (e.g., dispersal and disturbance effects)
with :6.ne-scale phenomena (e.g., invader population dynamics and native species response).
This multi~scale approach may lead to more
successful and efficient management of alien
invasions in natural areas.
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NESTING AND

BROOD~REARING CHARACTERISTICS

OF CHUKARS

IN WEST CENTRAL IDAHO
Andrew J. Lindbloom1,2, Kerry P. Reese 1, and Peter ZagerS
ABsTRACT.-We analyzed attributes from 23 nests (10 renests) and 46 brood locations of radio-marked Chukars
(Aledtoris chukar) in the lower Salmon River canyon of west central Idaho in 1995 and 1996. Nesting effort was 100%,
apparent nest success was 45%, and estimated time from destruction or abandonment of a nest to initiation oflaying a
subsequent nest averaged 13 ± 5 days sx' Average clutch size for 1st nests (14.5 ± 1.0) was greater (P == 0.017) than
renests (10.4 ± 1.1). Cover types used by nesting Chukars included grass/forb (48% of nests), rock (43%), and shrub (9%),
whereas the most common structure used for nests was rock outcrop (57%). Chukars did not use yellow starthistle (Centaurea solstitialis) habitats differently from what was expected (P = 0.08) for nesting, but birds with broods selected
areas with less starthistle (P < 0.001). Chukar broods, which averaged 12.0 :!: 1.1 chicks, used shrub and grass/forb cover
types approximately equally (43% and 47% oflocations, respectively) but rock habitats infrequently (11%).
Key words: Chukar, Alectoris chukar, reproduction, nest, brood, habitat, yellow starthistle, Centaurea solstitialis,
Idaho.

Limited research has been conducted on
nest site characteristics of Chukars, possibly
resulting from the difficulty of finding nests in
the wild (Galbreath and Moreland 1953, Christensen 1970). In Nevada, Christensen (1970)
found 3 inactive nests, 1 beneath a sagebrush
at the base of a hill and 2. hidden among rocks
and brush. Harper et al. (1958) found no preference for aspect or cover type in 16 nests in
California. In contrast, Galbreath and Moreland
(1953) reported nest preference for south-facing slopes in Washington. Mackie and Buechner
(1963) observed 24 nests in Washington, but
only 4 were complete clutches; no habitat data
were reported.
Macro- and microhabitat characteristics, such
as slope, cover type, nesting structure, and
overhead canopy cover, have not been quantified for Chukar nest sites. Understanding such
characteristics, in addition to knowledge of
Chukar productivity, would provide biologists
with fundamental data to manage local populations and their habitats. Although average
clutch and brood size estimates, and dates of
laying, incubation, and hatching, exist for
Chukars in many western states (e.g., Galbreath
and Moreland 1953, Harper et al. 1958, Christensen 1970), data specific to Chukar populations in Idaho have not been reported.

Nest success and renesting of Chukars are
poorly documented. Christensen (1970) stated
that no convincing data are available to dispute the possibility that Chukars renest. Most
reports of Chukar renesting are supported only
by the preponderance of late~hatch chicks in
the fall, often occurring after an unusually wet
spring. Based on evidence of incubation
patches present on birds during May, June,
and July, Mackie and Buechner (1963) con~
cluded that Chukars do renest.
Data concerning habitats used by Chukar
broods are also lacking. Galbreath and More~
land (1953) observed that young Chukars up
to the age of 4 weeks do not use rocky terrain
for escape as do older birds. Details concerning
brood success, brood size, and habitat use dur~
ing brood~rearinghave not been evaluated.
The impacts of invading yellow starthistle in
Chukar habitats require immediate attention.
An introduced annual knapweed from Eurasia,
yellow starthistle has infested approximately
1,215,000 ha in Idaho, California, and Washing~
ton, and continues to spread rapidly through~
out the Chukar's range (Callihan et al. 1989).
We conducted a 2~year research project using radio telemetry to address many of the
poorly known aspects of Chukar reproduction.
We recorded descriptive data important to

lDepartment offish and Wildlife Resources, University ofIdaho, Moscow, ID 83844-1136.
2Present address: South Dakota Department of Came, Fish, and Parks, 20641 SD Hwy 1806, Ft. Pierre, SD 57532.
3Idaho Department offish and Game, 1540 Warner Avenue, Lewiston, ID 83501.
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managers such as nesting chronology, clutch
size, nest success, renesting efforts, nest structures, cover types used for nesting and broodrearing, and physical/vegetal characteristics of
nest sites. We analyzed data collected from
radioed Chukars to assess whether differences
exist between (1) ground cover at nest sites
and immediate surrounding areas, (2) physical
characteristics (slope and elevation) of nest
sites and brood sites, and (3) cover types used
by nesting Chukars and by brood-rearing
Chukars. We also examined nesting and broodrearing use of areas heavily infested by yellow
starthistle in proportion to availability. Qualitative analyses were completed to assess differences in nest success between years, nesting attempts, nesting structures, and nesting
cover types. In addition, the use of habitats for
nesting and brood-rearing was compared with
habitat availability.
STUDY AREA

Our research was conducted in the canyon
grasslands of the lower Salmon River in west
central Idaho (45°55'N, 116°22'W), approximately 14 km south of Cottonwood. Boundaries
of the 2036-ha study area were delineated by
Chukar movements and natural physiographic
barriers (Lindbloom 1998). 'The general climate
of the lower Salmon River region is semiarid,
characterized by hot, dry summers and mild
winters with little snow in the valley bottoms
(Tisdale 1986). :Elevations range from 402 m to
1108 m,' with slopes of 45% to 15% (Tisdale
1986). Numerous vertical cliffs and talus slopes
of Columbia River basalt are present, and inter~
mittent springs, creeks, and livestock watering
ponds are interspersed throughout the area.
Land ownership along the canyon and plateau portions of the study area is primarily private, but most riparian habitats of the lower
Salmon River are administered by the Bureau
of Land Management. Livestock grazing is the
principal land use of the study area. The plains
area above the river canyons adjacent to the
study area is extensively planted to wheat
(Triticum sp.).
Natural vegetation of the study area deveh
oped from the Pacific Northwest region flora
and is strongly dominated by bunchgrasses
(Horton 1972). Tisdale (1986) reported that
plant communities characterized by bluebunch
wheatgrass (Agropyron spicatum), Idaho fescue
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(Festuca idahoensis), and hood sedge (Carex
hoodii) occupy most of the grassland area in
west central Idaho. Sand dropseed (Sporobolus cryptandrus) and red threeawn (Aristida
longiseta) occur at low elevations. Small inclusions of shrub-grass types are dominated by
stiff sagebrush (Artemisia rigida), common
snowberry (Symphoricarpos albus), smooth
sumac (Rhus glabra), curlleaf mountainmahogany (Cercocarpus ledifolius), and netleaf
hackberry (Celtis reticulata; 'Tisdale 1986).
Invasion of exotic annuals like cheatgrass (Bromus tectorum) and perennial forbs such as yellow starthistle has modified the historical natural vegetation composition on many areas in
the lower Salmon River canyon.
METHODS

Data Collection
Fifty-one Chukars (30 males, 21 females)
were captured with baited walk-in traps (Chris~
tensen 1970) and were radio-tagged between
late January and early May. Because sexes are
alike, we used shank length (Woodard et al
1986) and several other measurements to
determine gender (Lindbloom 1998). Necklace-mounted transmitters, weighing an average 10.8 g, were attached to 22 birds in 1995.
Backpack-mounted transmitters, weighing an
average 14 g, were used for 29 birds in 1996.
Radio-marked Chukars were located approxi~
mately weekly from April to August 1995 and
1996. Each locale of use consisted of the area
within a 10-m-radius circle centered at the
bird location. Chukars that were located consecutively in the same location were assumed
to be nesting, and each bird was observed
during the subsequent survey. Because most
birds were reluctant to flush from the nest, we
located birds on nests by walking concentric
circles, decreasing in size, around the nest
location until the bird was visible.
Efforts were made to measure clutch size
and stage of incubation (Westerkov 1950) while
the bird was feeding off the nest. After nesting
efforts ceased, we determined nest fate and
number of eggs successfully hatched by analyzing egg membrane condition (Rearden 1951).
A nest was considered successful if at least 1
egg hatched.
Initiation of incubation was determined by
backdating 24 days from estimated date of
hatch or from stage of incubation. If a nest was
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destroyed prior to hatch or to measurement of
incubation stage, we examined weekly move~
ments to approximate the most likely initiation
of incubation.
Initiation of laying was determined by backdating from the beginning of incubation. Num~
ber of eggs multiplied by 1.3 days per egg
(Woodard et al. ·1973) was used to assess num~
ber of days to backdate. If clutch size was
unknown, 15 x 1.3 was used. The time period
between completion of laying and initiation of
incubation was assumed to be 0 days.
Nest success was considered the probability that a nesting attempt, whether 1st nest or
renest, would result in a successful nest. Apparent nest success was calculated by dividing
the number of successful nests by total number of nests (Klett et al. 1986). Estimated nest
success was calculated similarly to apparent
nest success, but with 2 additional nests added
to the total number of nests; these were from 2
radio-tagged birds that were documented only
on nests during the renesting period, but we
believe the 1st nesting attempts were missed.
Hen success, the probability of a hen having
a successful nest, was calculated by dividing
the number of successful nests by the number
of nesting hens. Breeding success was consid~
ered the probability of all hens having a successful nest, whether or not they nested. We
calculated breeding success by dividing the
number of successful nests by the number of
radio-marked hens. Hatch success was considered the proportion of eggs laid only in successful nests that produced chicks; it was calculated by dividing the number of hatched
eggs by the total number of eggs in successful
nests.
Nest site characteristics were measured the
week follOwing determination of nest fate. Nest
site macrohabitat variables included cover
type, slope, aspect, and elevation. We grouped
nest sites into the following cover type categories, (1) rock (talus, outcrop, clifl), (2) shrub,
(3) grass/forb, and (4) agriculture.
Because most bird and nest locations con~
tained more than a single vegetative and/or
physical characteristic, we determined cover
type based on the percentage of cover types
present inside the 10=m-radius circle. These
percentages were determined using 10=m line
intercepts (Canfield 1941) extending in cardinal directions from the nest or flush site, or
from visual estimation of the nest or flush site
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location. We measured 22 sites using these
line intercepts, completing these measurements
throughout the field seasons gate winter through
midsummer) to sample plants in various phenological stages and provide checks on the
accuracy of visual estimations.
Agricultural cover types were characterized
as areas containing ;,,50% agricultural crop,
whereas shrub cover types contained ;,,20%
shrubs. Areas containing ;,,20% rock cover but
<20% shrub characterized rock cover types.
Grass/forb cover types were characterized by
areas containing <20% rock or shrub, with
grass and forbs making up the highest per~
centage of cover for the location.
Microhabitat characteristics ofnests we measured included nesting structure, overhead
canopy cover, visual obstruction, and ground
cover. Nesting structure was defined as the
immediate physical or vegetal structure (e.g.,
rock or shrub) used for nesting. To measure
overhead canopy cover, we used a coverboard
(Jones 1968) positioned over the nest. A Robel
pole, centered in the nest bowl and read from
a height of 1 m and a distance of 4 m (Robel et
al. 1970) in all cardinal directions, was used to
assess visual obstruction. Ground cover by forb
species, grass species, litter, rock, and bare
ground was measured using 20 x 50-em quad~
rats (Daubenmire 1959) that were placed at
2.5-m intervals (Z per line) along a 5-m tape
running from the nest site in cardinal directions. In addition, ground cover for a 40 x 50cm area centered at the nest was measured
using 2 quadrats placed directly over the nest.
Ground cover by shrubs was determined
using visual estimation or lO~m line intercepts
(Canfield 1941) extended in cardinal directions from the nest.
Most brood locations gathered within the
first few weeks after hatch were obtained by
circling the telemetered bird. Often we flagged
these sites and later sampled them to prevent
disruption of the young brood. Once chicks
reached flight capability (after approximately 2
weeks), we flushed hens and broods with a
Labrador retriever to obtain accurate brood
counts. Slope, aspect, elevation, cover type, percent of each cover type, common vegetative
species, and percent ofyellow starthistle ground
cover were recorded at brood locations.
To quantify cover type availability at the
study~area level, we delineated all cover types
onto 7.5-minute-series orthophotoquads from
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ing structure on nest success, differences in
nesting attempts on nest success, and use of
cover types and nesting structures on nesting
attempts.
Due to the circular nature of aspect data,
we categorized measurements of aspect into 4
quadrants: (1) northeast (0°_90°), (2) southeast
(91°_180°), (3) southwest (181 0~2700), or (4)
northwest (271°-360°). Aspect data were qualitatively examined for differences between
successful and unsuccessful nests and 1st and
2nd nesting attempts. Aspects of slopes used
for nesting and brood-rearing were also compared. In addition, t tests were used to test for
differences in physical characteristics (slope
and elevation) between nest and brood sites.
Using chi~square tests of homogeneity, we
evaluated use of habitats by broods compared
with use by nesting birds. If Significant differences existed, we conducted binomial proporStatistical Analyses
tions Z4ests to assess which cover types were
Because of the relatively large number of used differently. Use of cover types for brood
continuous variables (11 nest measurements) and nest sites was graphically compared with
and small sample sizes (17 complete nesting availability. Furthermore, using chi-square good~
data sets), statistical analyses could not be con- ness-of-fit tests (Neu et al. 1974) and Bailey's
ducted to assess whether macro- and micro~ confidence intervals (Baiiey 1980, Cherry 1996),
habitat data differed between nesting attempt we tested the null hypothesis that nesting and
and nest success.
brood~rearing Chukars use areas with differWe used the general linear models proce- ent ground cover of yellow starthistle in produte (PROC GLM; SAS Institute, Inc. 1990), re~ portion to availability.
peated measures analysis of variance (ANOVA),
to detect differences in ground cover at nest
RESULTS
site and immediate surrounding areas. The
Data Collection
assumptions of ANOVA were investigated using graphic and descriptive statistical output
Grass/forb cover type was the most abunfrom PROC UNIVARIATE (SAS Institute, Inc. dant habitat in the study area (77.5%). Rock
1990). Parametric ANOVAs (repeated measures) composed 11.3% of the study area, shrubs
were conducted on transformed variables (Con- 6.3%, and agricultural fields 4.9%. Two cover
over and Iman 1981) to assess differences types, trees and Conservation Reserve Pro~
between ground cover at nest sites and at dis- gram (CRP) fields, accounted for minor pro~
tances of 2.5 m and 5.0 m. If significant differ- portions (0.5% and 2.1%, respectively). Since
ences were detected, we examined contrast birds did not use either cover type, we did not
comparisons within ANOVAs for differences include them in statistical analyses.
between (1) nest measurements vs. average of
Nesting data were measured for .23 nests,
measurements taken from 2.5 m and 5.0 m 10 of which were renests. Birds were known
away, and (2) measurements of 2.5 m vs. 5.0 m to be renesting only after being followed
away.
through unsuccessful 1st nesting attempts.
Exploratory data analysis (EDA) was con~ Assumed 1st nesting attempts of 2 birds were
ducted on individual continuous variables using not observed. These birds were found on nests
boxplots (SAS Institute, Inc. 1990). Relation~ for the 1st time when all other radio-marked
ships between habitat variables and nesting birds were renesting, suggesting that their 1st
attempt, as well as habitat variables and nest nests were missed. This was probable because
success, were graphically examined. We also radio-locations were obtained infrequently on
investigated the effects of cover type and nest- these birds.

interpretation of aerial photographs. Cover
type availability was measured by overlaying
the orthophotoquads with 100-dots-per-squareinch grids.
The availability of areas with yellow starthistle was determined during peak bloom (late
July) by measuring 2 categories of ground cover:
(1) starthistle ,;;5% and (2) starthistle >5%.
Category 1 areas containe.d no starthistle or
only sparse densities and vy-ere easily disceID~
ible from category 2 areas. We delineated these
categories on aerial photographs after walking
and driVing the study area and using a spotting
scope. Data were later transferred to orthophotoquads and area per category of starthistle ground cover was measured using dot
grids. Approximately 41% of 'the study area
was classified as category 1 (815 ha), 59% as
category 2 (1169 ha).
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TABLE 1. Nesting chronology of Chukars in west central Idaho, 1995 and 1996.

1st nests
2nd nests
3rd nests e
All nests

Layinga
(nb = 17, 17)

Incubating"
(nb = 17,9)

Hatching<!
(n b = 9, 9)

Total
nesting period

16 April-4 June
27 May-27 July
23 June--5 July
16 April-27 July

7 May-7June
9 June--20 August
5 July-29 July
7 May-20 August

31 May-7 June
18 July-20 August
29 July
31 May-20 August

16 April-7 June
27 May-20 August
23 June--29 July
16 April-20 August

aperiod from earliest initiation oflaying to latest initiation ofincubation

bSamplesize at beginning and ending dates ofperiod
cPeried between earliest initiation ofincubation and latest hatch

dperiod between earliest hatch date and latest hatch
·Only 1 nest used for dates

TABLE 2. Nest success, hen success, breeding success, and clutch size of Chukars in west central Idaho, 1995 and 1996.

1995
1996
1st nest
Renest
TOTAL

Apparent nest
successa,b

Estimated nest
successa,b,e

Hen
successb

Breeding
success

Clutch size
meanb

Clutch size
range

33%(6)
50%(14)
33% (12)
63%(8)
45% (20)

29% (7)
47% (15)
29%(14)
63%(8)
41%(22)

40%(5)
78% (9)
N/A
N/A
64% (14)

40%
78%
N/A
N/A
64%

13.5 (4)
12.1 (12)
14.5 (8)
10.4 (8)
12.4 (16)

11-15
4-20
13-20
4-14
4-20

-Omitted 3 nests that were disturbed by observers
bSample size shown in parentheses
cIncludes 2 initial nests believed to have been missed

The nesting (including renesting) period
for Chukars in west central IdalIo was slightly
longer than 4 months, from approximately 16
April to 20 August (Table 1). Initiation of laying and incubation could be determined for 17
nests; hatching dates could be determined for
9 nests. Laying of 1st nests began 16 April;
50% of birds completed laying by 14 May, 75%
by 26 May, and 100% by 4 June. Incubation of
1st nests began 7 May; 50% of birds completed incubation by 31 May and 100% by '7
June. The 1st clutch hatched on 31 May for
1st nests and the last on 7 June. Peak (maximum number of radio-marked birds) laying,
incubating, and hatching occurred 1~10 May,
21-31 May, and 1-10 June, respectively.
For renests, laying began 27 May; 50% of
birds completed laying by 24 June, 75% by 7
July, and 100% by 27 July (Table 1). Incubation for 2nd nests began 9 June, with 50% of
birds completing incubation by 31 July and
100% by 20 August. The 1st clutch of 2nd
nests to hatch was on 18 July, the last on 20
August. Peak laying, incubating, and hatching
occurred 11 June~10 July, 1.,.,.,31 July, and 1~10
August, respectively.
Estimated time from destruction or abandonment of nest to initiation of laying of subsequent nest averaged 13 days and ranged from

1 to 37 days (n ::::: 7, Sx == 5). Distances between
nesting attempts ranged from 152 m to 386 m
and averaged 294 m (n ::::: 7, Sx == 31); 1 bird
that moved 3065 m between nesting attempts
was considered an outlier and not included in
the previous summary statistics.
Three nests were excluded from nest success analyses because of possible observer
influence. However, we included these birds
in hen success analysis because 2 of 3 had successful nests. Apparent nest success for both
years pooled was 45% (Table 2), while 45% of
nests were lost to predation and 10% were
abandoned (reasons unlalOwu). Of 9 nests lost
to predation, 3 were depredated by avian and
3 by mammalian predators; the remaining 3
nests were indirectly affected by predation
after depredation of the incubating hen. Overall estimated nest success was 41% (Table 2).
Hen success for both years pooled was 64%.
Because all available radio~collared birds nested
(100% nesting effort), breeding success was
the same as hen success.
Average clutch size for 16 nests (the number of nests in which clutch size could be
accurately determined) was 12.4 ::!: 0.9 eggs
(Table 2). Average clutch size for 1st nests (14.5
± 1.0) was greater (P = 0.017, t = 2.14, df =
14) than renests (10.4 ± 1.1). Hatch success
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was 91% (n == 7 nests in which clutch size and
number of eggs hatched could be determined
with certainty).
Cover types used by nesting Chukars in~
cluded rocks (43%), shrubs (9%), and grass/forbs
(48%). Average slope and elevation for 23 nest
sites were 58% (range 28=77, Sx == 2) and 905
m (range 710-1043, Sx == 22), respectively.
Eighty-seven percent of nests were on southern-exposed slopes (30% :;:: SE, 57% == SW),
while 13% were northern-exposed (4% == NE,
9% == NW; Fig. 1).
Physical and/or vegetal structures used
directly for nest sites included rock outcrops;
low shrubs, and grass/forbs. Thirteen nests
(57%) were located in rock outcrops, with the
nests usually completely concealed from 3
sides. Four nests (17%) were located in low
shrubs (2 in cudweed sagewort [Artemisia
ludoviciana] and 2 in common snowberry), and
6 nests (26%) were located in grass/forbs (2 in
arrowleaf balsamroot [Balsamorhiza sagittata],
2 in yellow starthistle, 1 in purple vetch [Vicia
villosa], and 1 in bluebunch wheatgrass).
Visual obstruction averaged 3.9 dm (n ~ 20,
range 1.6-9.9, Sx == 0.5). Overhead canopy
cover averaged 63% (n == 20, range 0=100, Sx
== 9); and total ground cover averaged 93%
(n == 20; range 47=153, Sx == 5).
We obtained brood data from locations of
radio-marked birds (n == 38) and incidental
unmarked broods (n == 9). Small s~ple sizes
prevented statistical analyses of data between
marked and unmarked broods (Dixon and
Massey 1969), but our qualitative examination
suggested data sets were similar; hence, data
were pooled. Brood sizes averaged 12.0 chicks
(n == 31, Sx == 1.1), with a minimum of 3 and
maximum of 30 (> 1 adult present). The actual
number of chicks per adult was lower, averaging 6.2 (n == 22, Sx == 4.1). We gathered limited data on brood success. In 1995 two radiocollared Chukars had broods; 1 bird slipped
the transmitter off, and the transmitter on the
other bird failed. In 1996 radios failed on 2 of
7 hens with broods. Of the remaining 5 hens,
3 had broods survive to flight stage (60% brood
success).
Shrub and grass/forb habitats were used
approximately equally (43% and 47%) by Chukar
broods, with rock habitats used infrequently
(11%). Average slope and elevation for brood
locations were 59% (n == 46, range 20-90, Sx
== 3) and 875 m (range 576--1064, Sx == 21),

0.5

0.4
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0

1:0

Cl.

0.3

e
11.
0.2

0.1

0
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SE
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Fig. 1. Proportions of nesting and brood-rearing Chukar
locations found on northeast (0°-90°), southeast (91°180°), southwest (181°-270°), and northwest (~71°--360°)
slopes in west central Idaho, 1995 and 1996.

respectively. Aspect ranged from 32° to 355°,
with 55% of locations on southern-exposed
slopes (48% == SW; 7% == SE) and 45% on north~
ern-exposed slopes (41% == NW; 4% == NE;
Fig. 1).
Shrub species most abundant in use loca~
tions of Chukar broods included cudweed sagewort (23% of locations), syringa (Philadelphus
lewisii; 19%), common snowberry (17%), and
blackberry (Rubus spp.; 17%). Grass species
frequently most abundant were brome spp.
(77%), bluebunch wheatgrass (57%), and Sand~
berg's bluegrass (Poa sandbergii; 28%); forb
species included western yarrow (Achillea lanulosa; 66%), yellow starthistle (57%), Dalmatian toadflax (Linaria dalmatica; 4'7%), arrowleaf balsamroot (43%), and lupine (Lupinus
spp.; 30%).
Statistical Analyses
No differences were found for ground
cover measurements between nest site and
distances of 2.5 m and 5.0 m for grasses (F238
;::: 0.80, P ~ 0.43), forbs (F238 == 2.96, P' ==
0.08), debris (F2,38 == 0.88, P ,; 0.42), and total
ground cover (F2,38 == 0.88, P == 0.42), but differences were found for rock (F238 == 3.87, P
== 0.037) and bare ground (F238' == 3.73, P ==
0.047). Contrast comparisons ~thin ANOVAs
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Fig. 2. Availability of cover types in the lower Salmon River study area and percent use by Chukars for nesting (n
and brood-rearing (n = 47), 1995 and 1996.

revealed that rock ground cover was greater (P
== 0.033) at nest sites (x = 46%) than at immediate habitat surrounding the nest (x == 26%,
averages of 2.5 m and 5.0 m measurements)
and bare ground (x = 4% vs. 8%) was less (P
== 0.023).
EDA on continuous nest variables suggested
that overhead canopy cover was greater for
both successful nests (85% canopy cover vs.
51% for unsuccessful nests) and renesting
attempts (81% vs. 55% for 1st nests). All other
continuous nest variables did not appear to
differ between nesting attempt and nest success. Nests were more successful in rock structures (55%) than in shrub (33%) and grass/forb
(33%) structures, but differences in nest suc~
cess between cover types were not apparent.
Estimated nest success was higher for renesting attempts (63%) than for initial nesting
attempts (29%). The use of cover types between
nesting attempts did not appear to differ, but the
use of nesting structures did; 78% of renests
were in rock structures vs. 43% of 1st nests.
Aspect did not differ with nest success, but
use of northern-faCing slopes was greater for
broods (45%) than for nests (13%). Measurements of both slope and elevation were not
different (P == 0.40, P :::;: 0.21, respectively)
between nests and broods.
Chukars used different cover types for nesting than for brood-rearing (X2 = 13.4, df = 2,

== 23)

P < 0.001). Binomial~proportions Z-tests re~
vealed that Chukars used rock cover types
more (P = 0.001) for nest sites (43%) than for
brood sites (11%); however, shrub cover types
were used less (P = 0.003) by Chukars for
nesting (9%) than for brood~rearing (42%). No
differences in grass/forb cover type use were
detected (P = 0.218). Although selection of
cover types could not be assessed statistically,
it appears that tack cover types were selected
by nesting Chukars, whereas shrub cover
types were selected by brood-rearing Chukars
(Fig. 2).
'
Chukar use of yellow starthistle was proportional to the expected frequency for nesting birds (x2 = 3.04, df = 1, P = 0.08) but not
fat brood-rearing birds (X2 = 21.8, df = 1, P
< 0.001). Chukars with broods used habitats
with <5% ground cover of yellow starthistle
(observed use == 0.745; Bailey's CI = 0.566,
0.868) more (P < 0.05) than expected (0.411),
whereas broods used habitats with >5% ground
cover of yellow starthistle (observed use =
0.255; CI == 0.122, 0.419) less (P < 0.05) than
expected (0.589).
DISCUSSION

Nesting chronology of Chukars in west central Idaho, extending approximately 4 months
from 16 April to 20 August, was similar to
reports from other western states. Galbreath
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and Moreland (1953) reported the season extended from 3 April to mid-August in Wash~
ington, Christensen (1970) reported egg-laying commenced in Nevada in April and hatch
occurred in late May and June, and Harper et
al. (1958) recorded that the nesting season in
California extended from late April to the 1st
week in August. These dates are comparable
to data for Chukars in Idaho. Mackie and
Buechner (1963), however, reported earlier
dates of Chukar nesting in Washington, with
laying beginning in early March and hatching
ending mid-August. Our data suggest Chukars
in Idaho began laying and incubating about 1
month later than birds studied by Mackie and
Buechner (1963) in Washington.
Clutch sizes of 16 Chukar nests in Idaho
averaged 12.4 eggs. Alcorn and Richardson
(1951) reported average clutch size of 14 nests
in Nevada to be 9 eggs. Williams (1950) suggested that 10-12 eggs was average in New
Zealand. Mackie and Buechner (1963) recorded
an average clutch size of 15.5 eggs from 4
nests in Washington and suggested renests
may have smaller clutches. Our data indicate
that clutches from renest attempts are significantly smaller than those of initial nests.
Nest success for Chukars had not been previously quantified. An estimated nest success
of 41% for Chukars in the lower Salmon River,
however, is comparable with success reports of
other Galliformes: 26% for Ring~necked Pheasants (Phasianus colchicus; Johnsgard 1986), 33%
for Bobwhite Quail (Colinus virginianus; Roseberry and Klimstra 1984), 56% for Sharp-tailed
Grouse (Tympanuchus phasianellus; Marks and
Marks 1987), and 37% for Gray Parbidge (Perd1:x
perdix; Hupp et al. 1980).
As stated by Christensen (1970), Chukars are
indeed persistent nesters. He reported that
renesting has not been well studied but is of
importance when the peak of the hatch occurs
during prolonged periods ofinclement weather,
which may result in severe chick loss. Our
data confirm that Chukars renest. For both
1995 and 1996, a 100% nesting and renesting
effort occurred. Two birds made 3rd nesting
attempts, and the time it took for a bird to
mate, select a new nest site, and begin laying
after destruction of its 1st clutch averaged
only 13 days.
Forty-five percent of nests in our study were
lost to predation. This is less than reported
elsewhere. Mackie and Buechner (1963) re-
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ported 75% of 24 observed nests were destroyed
by predators, and Harper et al. (1958) reported
that nest predation was a decimating factor of
Chukar populations. Whether predator popu~
lations of those previous studies and our study
were similar is unknown, but differences in
nest predation between studies could also be
attributable to differences in habitats. Greater
nest predation (Harper et al. 1958, Mackie and
Buechner 1963) occurred in predominantly
shrub habitats, whereas our study area was a
grassland habitat. Regardless, given the reported
nesting and renesting effort, clutch size, hatch
success, and hen success, it seems unlikely
that nest predation is limiting Chukar produc~
tivity in west central Idaho.
Harper et al. (1958) reported that incubating hens were reluctant to leave nests, even to
the point that an observer reportedly lifted a
hen from the nest to count the eggs without
causing her to abandon. Although we made no
such attempts, our observations support those
of Harper et al. (1958). In addition, hens with
broods not capable of flying appeared to be as
reluctant to flush as those on nests.
Overhead canopy cover was greater for
both successful nests and renesting attempts
than for unsuccessful and 1st nesting attempts.
Similarly, 78% of Chukar renests were in rock
structures, and nest success in rock structures
was higher (55%) than in shrub and grass/forb
structures (33%). We hypothesize that rock
nesting structures are used most often because
the more extensive canopy cover associated
with them provides greater nest success.
Because more nests were found in rock
structures, our results showing greater ground
cover by rock at nest sites versus away from
the nests were anticipated. Similarly, because
most of the area within the Daubenmire frames
at nest sites was occupied by nest bowls and
associated cover, very little area remained
bare and significantly less bare ground at nest
sites is reasonable. Given the abundance of
rock outcrops, cliffs, and talus slopes throughout the study area, it appears that suitable nest
sites are not limiting populations of Chukars
in this area.
Despite the apparent importance of rock
for nest sites, shrubs and grass/forb vegetation
were also used. Two previous nesting studies
reported differing results concerning nesting
habitats. Harper et al. (1958) located Chukar
nests in shrubs, grasses, and forbs and reported
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that preference for nesting cover was not limited to any specific vegetation in California.
Only 1 nest was found in rock; however, rock
outcrops were uncommon. Galbreath and Moreland (1953) found nests in Washington under
low-growing scabland sage (Artemisia rigida),
bluebunch wheatgrass, cornmon yellow mustard
(Brassica campestris), and salt bush (Atriplex
spp.). Rock was not reportedly used, perhaps
because of preference for large shrub species
such as sagebrush and salt bush that were
abunda nt in that shrub-s teppe habitat. Our
study was conduc ted in a canyon grassland
that does not contain such an abunda nce of
shrubs; most shrubs were restricted to narrow
riparian areas and occasionally within talus
slopes.
Galbreath and Moreland (1953) reporte d
Chukar preference for nesting on south-facing
slopes, while Harper et al. (1958) reporte d no
slope preference for nest sites. Our study sug~
gests Chukar nest sites occur mostly on south~
facing slopes (aspect = 90°-270°). Perhaps
this is due to warmer temperatures, less dense
vegetation, or seemingly rockier habitats found
on souther n slopes. Wheth er these observations are a result of slope and/or nesting habitat availability needs further investigation.
Whereas rock cover appears to be important nesting habitat for Chukars, it is not for
brood-rearing. Galbreath and Moreland (1953)
reporte d that up to the age of 4 weeks,
Chukars do not use rocky terrain to escape as
do older birds. Our results are similar in that
only 11% of brood locations were in rock cover
types. In a related study (Lindbloom 1998),
31% of locations of Chukars withou t broods
(n = 112 locations) were in rock cover types;
thus, it appears that Chukars with broods use
rock cover types less than those withou t
broods. We hypothesize that Chukar broods
avoid open rock areas because they encounter
greater predati on pressure, increas ed diffi~
culty of movement, and/or decreased quantities offood (invertebrates) in rock cover.
Brood sizes of Chukars in Washington aver~
aged 13.5-14.5 chicks (Galbreath and Moreland 1953). Christensen (1970) reporte d brood
sizes per county averaged 3.5-13.3 chicks in
Nevada, and mean brood size was approxi~
mately 9 (n = 243) in California (Harper et al.
1958). Broods are reportedly cared for by both
adults (Christensen 1970), and brood integrity
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is questionable after 3 weeks. Brood sizes of
Chukars in west central Idaho at 12.0 chicks
per brood were comparable to observations in
other states, but it is unknown whethe r this
estimate was inflated because of brood mixing.
Our calculation of 6.2 chicks per adult likely
underestimates actual brood size in cases where
both adults were tending to a single brood.
The male role during nesting has been greatly debated. Goodwin (1953) concluded that it
is probably normal for Red-legged Partridges
(Alectoris rufa) to lay 2 clutches, the 1st being
incubated by the male. Christensen (1970) stated
there has been no authent icated record of a
male Chukar incubating in the wild: Observations of Chukars double-clutching were not
made during this research; however, a male
Chukar was observed incubating a nest in May
and June 1996. Although no sexing measurement of live Chukars is 100% accurate, multiple measurements increase the likelihood of
being correct. The following measurements of
this bird were taken on 27 April at the time of
capture, shank length 63.9 mm, weight 675 g,
spur-tarsus diamet er 11.7 mm (spurs on both
legs), and middle toe length 43 mm. Woodard
et al. (1986) classified all Chukars with shank
length measurements of ;;:61 mm as male
(93.3% accuracy). Christensen (1954) reporte d
the weights of 20 adult wild female Chukars to
range from 462 g to 550 g and males from 536
g to 7.29 g. Cunnin gham (1959) reporte d the
diamet er of spur-tarsus in males was 7.5-11
mm, and females 6-0-9 mm. He also reporte d a
middle toe length of 31-46 mm for males and
34-43 mm for females. All of these measurements strongly sllggest the incubating Chukar
was male. Unfortunately; this bird was preyed
upon while attendi ng the brood and internal
sexing for positive verification was not possible;
whereabouts of its mate were also unknown.
The above results are not conclusive evidence that male Chukars incubate nests; rather,
they suggest that a low percentage of males in
a population may incubate nests given certain
circumstances. One radio-collared female that
was trapped 530 m from the male nest site was
found depredated the same week the male was
discovered incubating. In addition, this study
population is conside red to be at record low
levels of abundance. We hypothesized that male
incubation is the result of nest abandonment
by; or death of, the female and may occur only
when populations are very low:
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MANAGEMENT IMPLICATIONS

Nest success is a component amenable to
management, varying according to predator
abundance and habitat quality (Johnson 1994).
Nest success in our study was comparable
with other Galliformes, and thus current man~
agement practices may sustain adequate nesting habitat for Chukars.
Results from this study indicate Chukars in
canyon grasslands prefer nesting on southern
exposures with an average slope of 58%. Rock
outcrops are the most used structure for nest~
ing. Nest placement by Chukars is not affected
by yellow starthistle; Chukars exhibited no
avoidance of areas with greater ground cover
by starthistle. Perhaps Chukars nested in these
areas as a predator-evasion technique.
Avoidance of yellow starthistle, however, was
observed for Chukars with broods. Reduction
of yellow starthistle may increase brood~rear~
ing habitat and overall productivity. Management of brood-rearing habitat should also consider shrub and grass/forb densities; Chukars
with broods most often used habitats with 37%
average shrub coverage or 20% and 39% aver~
age grass and forb coverage, respectively. Fire
management and grazing practices could possi~
bly be used to meet these approximate densities.
Whether nest site habitat characteristics
affect nest success of Chukars in canyon grasslands still remains unknown. Nest densities
and brood success within particular habitats
were not assessed. Habitat use by broods was
not adequately addressed in this study and
needs further investigation.
ACKNOWLEDGMENTS

This research was approved by the Animal
Care and Use Committee of the University of
Idaho. Funding was provided by the Bureau of
Land Management and the Idaho Department
of Fish and Game. Gratitude goes to the coop~
erative private landowners from Idaho County.
We thank S.C. Bunting and R.G. Wright for
critical reviews, C. Johnson for assistance with
logistics and fieldwork, and WR. Hundrup for
assistance with collection of field data. Numer"
ous personnel at the BLM Cottonwood Re~
source Area also provided essential support to
this project. Statistical analyses were greatly
facilitated by consultations with C. Williams.
This is a contribution from Idaho Federal Aid
in Wildlife Restoration Project W~160-R~24,

[Volume 63

Subproject 43, and Contribution 960 of the
University of Idaho, College of Forestry, Wildlife, and Range Experiment Station.
LITERATURE CITED
ALCORN, J.R, AND E RICHARDSON. 1951. The Chukar Par~
tridge in Nevada. Journal of Wildlife Management
15:265-275.
BAILEY, B.J.R 1980. Large sample simultaneous confidence intervals for the multinomial probabilities
based on transformation of the cell' frequencies.
Technometrics 22:583--589.
CALLIHAN, RH., EE. NORTHAM, lB. JOHNSON, E.L. MICHALSON, AND TS. PRATHER. 1989. Yellow starthistle control of agriculture. Current Information Series 634.
CANFIELD, RH. 1941. Application of the line intercept
method in sampling range vegetation. Journal of
Forestry 39:388-394.
CHERRY, S. 1996. A comparison of confidence interval
methods for habitat use-availability studies. Journal
Wildlife Management 60:653-658.
CHRISTENSEN, G.C. 1954. The Chukar Partridge in Nevada.
Biological Bulletin 1, Nevada Fish and Game Commission.
~' 1970. The Chukar Partridge: its introduction, life
history, and management. Biological Bulletin 4,
Nevada Department ofFish and Game.
CONOVER, WJ., AND RL. IMAN. 1981. Rank transformations as a bridge between parametric and nonpara_
metric statistics. American Statistician 35:124-129.
CUNNINGHAM, E.B. 1959. Influence of variable diets and
time of hatch on development and age determination
of the Chukar Partridge. Game Bird Survey W-50~R~
8, Wyoming Game and Fish Commission. 98 pp.
DAUBENMIRE, R 1959. A canopy-coverage method of vegetational analysis. Northwest Science 33:43-64.
DIXON, WJ., AND EJ. MASSEY, JR. 1969. Introduction to
statistical analysis. 3rd edition. McGraw-Hill, New
York. 638 pp.
GALBREATH, D.S., AND R MORELAND. 1953. The Chukar
Partridge in Washington. Biological Bulletin 11, Washington State Game Department. 54 pp.
GOODWIN, D. 1953. Observations on voice and behaviour
of the Red_legged Partridge Alectoris mfa. Ibis 95:
581-614.
HARPER, H.T, B.H. HARRY, AND WD. BAILEY. 1958. The
Chukar Partridge in California. California Fish and
Game 44(1):5-50.
HORTON, L.E. 1972. Ecological analysis: a preliminary
investigation of vegetation structure and ecosystem
function of the lower Salmon River. Intermountain
Region Report, USDA Forest Service.
Hupp, lW, L.M. SMITH, AND IT RAm. 1980. Gray Partridge
nesting biology in eastern South Dakota. Pages 55-69
in S.R Peterson and L. Nelson, Jr., editors, Proceedings of the Perdix II Gray Partridge Workshop. Contribution 211, Forest, Wildlife, and Range Experiment Station, University ofIdaho, Moscow.
JOHNSGARD, EA. 1986. The pheasants of the world. Oxford
University Press, New York. 300 pp.
JOHNSON, D.H. 1994. Population analysis. Pages 419-444
in TA. Brookout, editor, Research and management
techniques for wildlife and habitats. 5th edition. The
Wildlife Society, Bethesda, MD.

2003]

CHUKAR NESTING AND BROOD-REARING

JONES, RE. 1968. A board to measure cover used by Prairie
Grouse. Journal ofWildlife Management 32:28--31.
KLErr, A.T., H.E DUEBBERT, CA. FAANES, AND K.E HIGGINS.
1986. Techniques for studying nest success of ducks
in upland habitats in the prairie pothole region. U.S.
Fish and Wildlife Service Resource Publication 158.
24pp.
LINDBLOOM, A.J. 1998. Habitat use, reproduction, move"
ments, and survival of Chukar Partridge in west-central Idaho. Master's thesis, University of Idaho,
Moscow.
MACKIE, RJ., AND H.K. BUECHNER. 1963. The reproductive cycle of the Chukar. Journal of Wildlife Management 27:246--260.
MARKS, lS., AND V.S. MARKS. 1987. Habitat selection by
Columbian Sharp-tailed Grouse in west-central Idaho.
Department of Interior, Bureau of Land Management, Boise District, ID. 115 pp.
NEU, C.W, C.R BYERS, AND lM. PEEK. 1974. A technique
for analysis of utilization-availability data. Journal of
Wildlife Management 38:541-545.
REARDEN, lD. 1951. Identification of waterfowl nest predators. Journal ofWildlife Management 15:386--395.
ROBEL, R.J., IN. BRIGGS, A.D. DAYTON, AND L.C. HULBERT. 1970. Relationships between visual obstruc-

439

tion measurements and weight of grassland vegetation. Journal of Range Management 23:295-297.
ROSEBERRY, lL., AND WD. KLIMSTRA. 1984. Population
ecology of the Bobwhite. Southern Illinois University Press, Carbondale and Edwardsville. 259 pp.
SAS INSTITUTE. 1990. SAS/STAT user's guide, version 6.
4th edition. SAS Institute, Inc., Cary, NC. 1686 pp.
TISDALE, E.W 1986. Canyon grasslands and associated
shrublands of west-central Idaho and adjacent areas.
Bulletin 40, Forestry, Wildlife, and Range Experiment Station, University ofIdaho, Moscow.
WESTERKOV, K. 1950. Methods for determining the age of
game bird eggs. Journal of Wildlife Management 14:
56--67.
WILLIAMS, G.R 1950. Chukar in New Zealand. New Zealand
Science Review 8:2-6.
WOODARD, A.E., H. ABPLANALp, AND RL. SNYDER. 1973.
Oviposition time in the Chukar Partridge. Poultry
Science 52:536--539.
WOODARD, A.E., J.C. HERMES, AND L. FUQUA. 1986. Shank
length for determining sex in Chukars. Poultry Science 65:627-630.

Received 4 February 2002
Accepted 13 September 2002

Western North American Naturalist 63(4), ©2003, pp. 440-451

ATTRIBUTES ASSOCIATED WItH PROBABILITY OF INFESTATION
BY THE PINON IPS, IPS CONFuSus (COLEOPTERA: SCOLYTIDAE),
IN PINON PINE, PINUS EDULIS
Jose E Negron l and Jill L. Wilson2
ABSTRACT.-We examined attributes of pinon pine (Pinus edulis) associated with the probability of infestation by
pinon ips (Ips con}usus) in an outbreak in the Coconino National Forest, Arizona. We used data collected from 87 plots,
59 infested and 28 uninfested, and a logistic regression approach to estimate the probability of infestation based on plotand tree-level attributes. Pinon pine stand density index was a good predictor of the likelihood of infestation by pinon
ips at the plot level, and a cross-validation analysis confirmed that the model correctly classified 82% of the cases. Diameter at root collar and pifion dwarf mistletoe infestation level were good predictors of individual tree infestation, and a
cross-validation analysis indicated that the model correctly classified 72% of the cases. Results suggest that the occurrence of pinon ips infestations may be related to stress factors associated with increased stocking and pinon dwarf
mistletoe infestations.

Key words: Ips confusus, pinon ips, bark beetles, Pinus edulis, pinon pine.

Piiion-juniper woodlands are the most widely
distributed forest type in the western United
States. Covering about 19 million ha in the West
(Evans 1988), these woodlands are the most
common vegetation types in Arizona and New
Mexico. Piiion-juniper woodlands provide habitat for many wildlife species, serve as water~
sheds, offer numerous wood products and
recreational opportunities, and have ritual and
ceremonial importance for Native Americans.
The pinon ips, Ips confusus (LeConte), is
an important disturbance agent in these woodlands. Primary hosts are pinon (Pinus edulis
Englem) and single-leaf pinon (Pinus monophylla Torrey & Fremont), but other pines are
also recorded as hosts. The pinon ips is a
small, cylindrical, brown bark beetle, 4---6 mriJ.
in length, 1.5-2.0 mm wide, and is characterized by the specific arrangement of 5 spines in
the declivity of each elytron. In pinon ips and
4 other closely related species, the 3rd spine,
which is the largest, has a notch on the ventral
side. In the western United States the insect.
occurs in southern California, Arizona, New
Mexico, west Texas, Nevada, Utah, Colorado,
and Wyoming. It also occurs in Baja California
Norte and Chihuahua in Mexico (Wood and
Bright 1992). In the Southwest the insect has
at least 3-4 generations a year. Adults over-

winter from about November to March in
colonies in the basal portion of standing trees
(Chansler 1964). In the spring new host trees
are initially attacked by male beetles, which
excavate a nuptial chamber and are then joined
by females attracted by a male-produced pheromone. After mating, each female constructs an
egg gallery where oviposition takes place. After
hatching, the larvae feed on the inner bark,
and pupation occurs in a pupal chamber under
the bark (Furniss and Carolin 1977, Wood 1982,
Eager 1999).
Endemic populations of this insect invade
and kill scattered, stressed pifions. Substantial
tree mortality is often observed with increased
insect population levels. Population increases
can result from the availability of recently
downed or uprooted trees, which provide suitable habitat for insect popuiation growth. Predisposing agents such as drought or infestations of pinon mistletoe (Arceuthobium divaricatum Engelmann) are also believed to increase
the likelihood of piiion ips attack (Wilson and
Tkacz 1992).
Wilson and Tkacz (1992) observed increased
piiion ips=caused mortality of pinon in stands
with many trees between 17.8 and 27.9 cm in
diameter at root collar and total basal areas between 22.9 and 45.9 m 2 . ha-1 in an outbreak

lCorresponding author. USDA Forest Service, Rock")' Mountain Research Station, 240 W. Prospec~ Ft. Collins, CO 80526.
2USDA Forest Service, Forest Health Protection, 2500 South Pine Knoll, Flagstaff, A:l86001. Present address: USDA Forest Service, Forest Health Protection, 3815 Schreiber Way, Coeur d' Alene, ID 83815.
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in the Apache-Sitgreaves National Forest, Arizona. They also noted that many trees killed
had heavy infestations ofpifion dwarf mistletoe.
Aside from this study, no data are available on
stand and tree conditions that increase the
susceptibility to pinon ips attack and mortality.
In this study we examine stand and tree
characteristics associated with the occlirrence
of pifion ips infestations in an outbreak area in
the Coconino National Forest, Arizona, and
develop simple models to estimate the probability of infestation by pifion ips.

Coconino
National Forest

METHODS

In the spring of 1991, an outbreak of pifion
ips was detected south of the Twin Arrows
area of the Coconino National Forest, ca. 32 km
southeast of Flagstaff, Arizona (Fig. 1). Numerous pifions began to fade as a result of pifion
ips attacks. Pinon ips populations appearec;l to
have increased in uprooted trees left in place
after land-clearing operations in combination
with an area-wide drought. An aerial survey
estimated the affected area at 5260 ha (USDA
Forest Service unpublished data). This survey
was used to delineate out study area. We conducted our sampling July-August 1991. All
plots were resurveyed in October 1998, where~
upon we recorded any mortality that may have
occurred since initial plot installation.
Plot Establishment
The study area is centered at III°18'45/W
longitude, 35°03'45/N latitude in the Elliott
Canyon 7.5-minute quadrangle. We established
fixed~radius plots on line transects across the
affected area. Ten transects, spaced ca. 0.8 km
apart, were placed perpendicular to both sides
of Forest Service Road 126 that bisects the
study area. Nine transects comprised 9 plots
spaced 60.4 m apart, with the lOth transect
composed of 6 plots, for a total of 87 plots.
Plots had a radius of 8.01 m, an area of 0.02
ha, and at least 1 live or ips-killed pinon. At
each plot we recorded the following informa~
tion for all trees: species, diameter at root collar, and status (live, ips~killed, or other dead).
Only trees ~2.54-cm diameter at root collar
were sampled. The only other tree species
present in the study area was Utah juniper,
Juniperus osteosperma (Torrey) Little. With
this information we calculated average diameter at root collar, number of trees and basal

Arizona

.Fig. 1. Study site in the eastern part of the Coconino
Nationai Forest, about 32 Ian (20 miles) southeast of Flag-

staff, AZ, 1997.

area per hectare for pifion, for juniper, and for
both species combined. We calcll1ated a metric stand density index for pifion, jumper, and
both species combined by adding the stana
density contribution of each individual tree
following Long and Daniel (1990). We modified
thyir formula by substituting diameter at root
collar for diameter at breast height as follows:
Stand density index = sum ((DRCk) / 25)1.6

where k is the di~eter at root collar (cm) of
the kth tree in the stand.
For pifion trees an ocular estimate of crown
ratio was obtained. For this estimate 2 observers
inspected the tree from different directions
and agreed in their estimates to within 10%.
Average crown width was also obtained for all
pifions by averaging the length of the longest
axis and its perpendicular axis.
A pifion dwarf mistletoe infection level index
was obtained for all live and recently dead
pifions, which still had visible infections. Trees
were evaluated on a scale of 0-3, with 1 point
scored for every one-third of the crOwn in
which mistletoe infections were viSible. We
then added the score for every one-third to
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obtain the mistletoe infection level for the
tree. The mistletoe infection level index was a
modification of the 6-class dwarf mistletoe rat~
ing technique developed by Hawksworth (1917).
The 6-class system has been the standard
dwarf mistletoe rating system for many years
and is widely accepted because it works well
and is easy to use. We modified the system for
2 reasons. First, the 6"class system was devel~
oped for ponderosa pine, which most commonly has a sparse crown that is relatively
easy to examine for dwarfmistletoe. Piiion pines
have a full, denser crown that poses increased
difficulty in adequately examining for dwarf
mistletoe infections. Second, in our plots we
rated live trees and recently killed trees. Since
infections are more difficult to detect in piiion
pines and in recently dead trees, by modifYing
the system we could obtain more conservative
ratings while still retaining the strengths of
the 6-class system.
For each plot we recorded the distance from
the center of the plot to the nearest most re~
cently killed piiion outside the plot. For each
ips-killed piiion in every plot, we recorded the
distance to the most recently killed pinon
whether it was outside or inside the plot. Ipskilled piiion pines fade from green to light yellow to bright orange within a few days. Shortly
thereafter the needles begin to fall. The most
recently killed tree can be determined by
observing the rate of foliage discoloration and
needle loss.
Established plots were termed infested if
they included at least a single tree killed by
piiion ips and uninfested if no ips-killed trees
were present in the plot. From the 87 plots, 59
were infested and 28 uninfested.
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faded in coloration completely but were clearly
dying. Some bark beetles can successfully attack
a portion of a tree without killing it, which is
referred to as a strip attack. However, We did
not observe this in our study site. Therefore,
we modeled the probability of infestation at
both the plot and the individual tree level,
using logistic regression with .2 possible outcomes. To develop plot-level infestation probability models, we used average plot data. To
develop tree-level infestation probability models, we used the individual tree data for the
infested plots since these plots included both
infested and uninfested trees.
Using the logistic approach, we obtain
models in the follOwing form:
P (infestation) = 1 / 1 + e b'X ,

where b'x represents a linear combination of
explanatory variables X with their estimated
parameters b, and e is the base of naturallogarithms.
For the plot~level probability of infestation
model, we used logistic regression procedures
in SPSS, which estimate the parameters using
maximum likelihood ratios (NOTUS-sis 1999).
For the tree"level model we used PROC
NLMIXED in SAS because it allows fitting
the logistic regression model assuming the
presence of correlation effects of trees within
plots (SAS Institute 1999).
After the logistic models were formulated,
We divided the plot-level data sets into 6 groups
with equal numbers of infested and uninfested
plots in each group. We also divided the treelevel data set into 6 groups composed of equal
numbers of infested plots. We sequentially excluded each group from analysis and generated
Data Analysis
logistic models using the same independent
We conducted Mann-Whitney tests to exam- variables. Observed values from the excluded
ine differences in the variables measured be- groups were then used to obtain estimates of
tween infested and uninfested plots; we used probability of infestation for those groups by
analysis of variance to compare characteristics substituting these values into the models gen"
of live and ips-killed trees within infested erated. This process allowed us to examine
plots because it provides a framework for using model performance using a cross"validation
the plot and tree status interaction as the error framework. We then used boxplots to examine
term to account for correlation effects of trees the distribution 'of estimated probabilities
within plots.
obtained from the cross validation for the
At the plot level there are 2 possibilities: uninfested and infested plots for the plot~level
the plot is either infested or not, At the indi- data and for the killed and live trees for the
vidual tree level there are again 2 possibilities: tree-level data.
the tree is either killed or alive. At the time of
For plot-level data and tree-level data, we
measurement some ips-attacked trees had not used the estimated probabilities of infestation
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TABLE 1. Means (± standard error of the mean) of variables measured for plots infested with Ips confusus, uninfested,
and all plots combined, Coconino National Forest, AZ, 1997".
Variable
Number ofplots
Trees per hectare-all species
Trees per hectare-piiion
Trees per hectare-juniper
Basal area-all species (m2 . ha-1)
Basal area-piiion (m2 . ha-1)
Basal area-juniper (m2 . ha-1)
Percent basal area in piiion
Stand density index-all species
Stand density index~piiion
Stand density index-juniper
Diameter at root collar (cm)-all species
Diameter at root collar (cm~piiion
Diameter at root collar (cm)-juniper
Piiion crown ratio (%)
Piiion crown width (m)
Piiion mistletoe infection level
Distance to nearest attacked tree (m)
Residual basal area - all species (m2 . ha-1)
Residual basal area-piiion (m2 • ha-1)
Percent residual basal area in piiion

Infested

Uninfested

All

59
592.2 (41.5) a
370.2 (32.6) a
224.5 (19.7) a
27.8 (1.9) a
7.0 (0.7) a
20.8 (1.8) a
30.7 (2.9) a
496.7 (31.6) a
155.5 (14.0) a
341.2 (27.9) a
20.5 (0.7) a
14.0 (0.5) a
32.9 (1.9) a
69.5 (In) a
2.5 (0.1) a
0.9 (0.1) a
15.5 (0.8) a
22.9 (1.9) a
2.1 (0.4) a
10.3 (2.1) a

28
333.6 (36.5) b
155.3 (23.4) b
178.3 (26.1) a
18.4 (2.4) b
2.5 (0.7) b
15.9 (2.3) a
26.6 (6.5) b
325.3 (39.1) b
58.8 (14.3) b
266.5 (37.2) a
21.3 (1.5) a
11.9 (1.1) a
31.2 (2.6) a
79.7(2.9)b
2.4 (0.2) a
0.3 (O.l)b
17.6 (1.5) a
18.4 (2.4) a
2.5 (0.7) a
26.6 (6.5) b

87
509.0 (33.1)
301.1 (25.7)
209.6 (15.9)
24.8 (1.6)
5.6(0.5)
19.2 (1.4)
29.4 (2.9)
441.5 (26.2)
124.4 (11.6)
317.1 (22.6)
20.7 (0.7)
13.3 (0.5)
32.4 (1.5)
72.8 (1.8)
2.4 (0.1)
0.7(0.1)
16.2 (0.7)
21.4 (1.5)
2.2 (0.4)
15.6 (2.6)

aFo~ each variable, means followed by different letters are significantly different according to a--Mann-Whitney test (P > 0.(5). Typej error was not maintained
acrOSS

all variables.

from the cross-validation analysis @d assigned
them to an uninfested or live category if the
probability was <0.5 and to an infested or killed
category if the probability was 0.51 to 1. We then
conducted a cross-tabulation analysis using
the observed and the predicted categories to
estimate percentage of correct classification.
To examine model behavior, we substituted
a range of potential values into the final plot~
and tree-level models. With model behavior
information for the plot~level data, we determined the pinon stand density index level at
which the probability of infestation approaches
0.5 and then examined differences in stand
conditions for plots with pifionstand density
index above and below that level using Mann~
Whitney tests.
RESULTS

Plohlevel and Tree-level Differences
On infested plots (Table 1) we found signifh
cantly more trees per hectare (including all
species), more pifion trees per hectare, greater
basal area per hectare (all species), greater
pinon basal area per hectare, higher percent
basal area represented by pifion, higher stand
density index (all species), higher pifion stand
density index, lower average pifion crown ratio,

and higher mistletoe infection level. After the
outbreak had subsided, there were no differences in total residual basal area or pinon
residual basal area, but the percent basal area
in pifion was much lower in infested plots
(Table 1). Within infested plots, ips=killed trees
were signifiCantly larger in diameter at root
collar, had higher mistletoe infection level,
smaller crown ratios, and longer crown widths
(Table 2). The mistletoe infection level was a
conservative measurement because we were
not able to record it for dead trees with no
foliage.
The largest numbers of pinons observed
across all plots including live and dead trees
were in the 10.2-cm size class, with decreas=
ing numbers observed with increasing diameter classes (Fig. 2). The distributiOn of live and
killed trees by diameter classes within infested
plots indicates that few trees were killed by
pinon ips in the 5.1-cm=diameter class, onethird of the trees were .killed in the 10.2-cmdiameter class, close to one-half of the trees
were killed in the 15.2~cm-diameter class, and
for all other diameter classes more trees were
killed than live with the exception of the largest
class where only 2 trees were observed (Fig. 3).
In SUfi, the proportion of killed trees increased
with increasing size classes. No plot=level or
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TABLE 2. Means (:t standard error of the mean) for live
,and Ips confUSus"kiIIed trees in infested plots, Coconino
National Forest, AZ, 1997a•
Variable

Live

Ips conjUsus_kiIIed

Number of trees
Diameter at root
collar (cm)
Mistletoe infection
level
Nearest attacked tree
CroWn ratio (%)
Crown width (m)

215

209

9.5 (0.5) a

17.0 (0.6) b

0.6 (0.1) a
6.7(0.2) a
66.9 (1.5) a
1.9 (0.1) a

1.4 (0.1) b
6.3 (0.3) a
63.7 (1.6) b
3.0 (0.1) b

"For each variable, means followed by different letters are significantly different according to analysis ofvariance (P > 0.05).

TABLE 3. Logistic regression coefficients, standard error,
and significance for constants and explanatory variables
for predicting the probability of infestation by Ips confusus at the plot and individual tree level.
Model
Variable
PLOT LEVEL
Constant
Pinon pine
metric stand
density index
TREE LEVEL
Constant
Diameter at
root collar
Mistletoe infection level

B

Standard
error

Significance

-0.910

0.445

0.041

0.Ql8

0.005

0.001

-2.461

0.402

0.001

0.378

0.059

0.001

0.556

0.152

0.001

tree·level differences were observed in relation to the proximity of the plot or tree to previously infested trees (Tables 1, 2).
Probability of Plot-level
Infestation
We tested average crown ratio of pinon,
average crown width of pifion, average mistletoe infection level, average diameter at root
collar for all species, average diameter at root
collar for pinon, total basal area, pinon basal
area, percent basal area in pinon, trees per
hectare, pifions per hectare, staIid density index
(all species), and pifion stand density index as
explanatory variables of the probability of infestation. Of these, pmon stand density index was
the single best explanatory variable, with in·
creasing stand density index associated with
iricreas!=ld probability of i.rlfestation as indicated
by the positive logistic regression coefficient
(Table 3). Based on the probabilities of infesta~
tion for the infested and uninfested plots obtained from the cross-validation analysis, pifion
stand density index exhibited good discriminatoiy power; as there is no overlap in the obser~
vations between the 25th and the 75th percentiles (Fig. 4). The median probability of infes·
tation was 0.83 for infested plots and 0.44 for
uninfested plots. The cross-tabulation analysis
indicated that the model correctly classified
82% of the plots. Substituting values of stand
density index from 25 to 600 (with intervals of
10) into the model demonstrates that the probability of infestation approaches 0.5 with pifion
stand density index of 50, surpasses 0.8 with
pifion stand density index of 150, and is asymptotic to 1 with pinon stand density index of
350 (Fig. 5). The mean ± (standard error of the
mean) for observed values of pifion stand den-

sity index was 124.4 (11.6). The interquartile
range was 116.8 with 50% of the observations
between the values of 46.9 and 163.7. In our
data there were 25 plots with pinon stand density index <50 and 62 plots with pifion stand
density index >50. Plots with pifion stand density index > 50 exhibited increased stocking,
larger average diameter at root collar, higher
percentage of pinon, reduced average pinon
crown ratio, increased average pinon crown
width, and increased mistietoe infection level
(Table 4).
Probability of Tree-level
Infestation
The folloWing variables were tested as explanatory variables for the probability of infestation at the individual tree levet diameter at
root collar, mistletoe infection level, average
crown width of tree, and crown ratio. Of the
variables examined, the combination of diameter at root collar and mistletoe infection level
was the best explanatory variable; both variables had positive logistic regression coefficients, indicating that increased diameter at
root collar and mistletoe infection level are
associated with increased probabilities of infestation (Table 3). The probabilities of infestation obtained for individual tree mortality from
the cross-validation analysis revealed that
although the median between the 2 groups is
quite different, 0.69 for the killed trees and
0.26 for the live trees, there is overlap in the
observations between the 25th and 75th percentiles between the 2 groups (Fig. 6). The
cross-tabulation analysis indicated that the
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model correctly classified 72% of the cases.
Model behavior obtained by using a range of
diameters at root collar of 3~25 em and mistletoe infection levels of 0-3 demonstrates how
the probability of infestation increases as both
variables increase (Table 5).
DISCUSSION

Results indicate that high stand density levels of pinon make stands more susceptible to
pinon ips infestations. Anhold and Jenkins
(1987) showed that in stands composed of >80%

lodgepole pine (Pinus contorta Douglas), those
with a metric stand density index between 313
and 625 exhibited increased mortality levels
caused by mountain pine beetle (Dendroctonus ponderosae Boplqns). Anhold et al. (1996)
proposed manag~m~nt guidelines based on
stand d~nsity index to reduce lodgepole pine
stand susceptibility to mountain pine beetle.
Other studies with mountain pine beetle have
recognized that high stocking levels in ponderosa pine (Pin1lS ponderosa Lawson) are often
associated with bark beetle-caused mortality
(Schmid and Mata 1992, Schmid et al. 1994,
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ends of the box represent the 25th and 75th percentiles,
respectively, the line inside the box represents the median,
whiskers of the box represent the largest and smallest values not considered outliers, and lines outside the whiskers
represent outliers.

Olsen et al. 1996). Furthermore, bark beetle
mortality has been associated with reduced
growth rates caused by increased stocking; levels in ponderosa pine (Sartwell 1971, Sartwell
and Stevens 1975, Negron 1997, Negron et al.
2000), lodgepole pine (Shrimpton and Thomp~
son 1983), and Picea glauca (Moech) Voss (white
spruce; Hard et al. 1983, Hard 1985). Reduced
growth rates may result in weakened trees.
Such trees may be unable to mobilize carbohydrates and other resources needed for de~
fensive mechanisms, thereby increasing their
susceptibility to insects (Waring and Pitman
1980, Christiansen et al. 1987). Alternatively,
Amman et al. (1988a, 1988b) and Amman and
Logan (1998) have suggested that reductions
in stand densities by partial cutting result in
reduced mountain pine beetle attacks to lodge~
pole pine because they alter the microclimate
by increasing insolation, light intensity, and
. wind movement, and by reducing humidity.
However, considering the intense heat, solar
radiation, and xeric environment that characterize pinon-juniper woodlands, it is unlikely
that these microclimate changes affect pinon
ips significantly.
Total basal areas, pifion basal areas, and percent basal areas represented by piiion were all
Significantly higher in infested plots. Pinon
basal area represented only 29% of the basal
area across all plots, the remainder being

o

100

200

300

400

500

600

Pinus edulis metric stand density index

Fig. 5. Probability of plot-level infestation as a function
of Pinus edulis stand density index as modeled with logistic regression.

juniper. Still, results for this study indicate
that pifion ips infestation is likely to be more
prevalent in stands with pinon stand density
index >50. Basal area, stand density index,
and percent basal area levels obtained in this
study are consistent with others reported in
the literature. Smith and Schuler (1988) examined pifion-juniper woodlands in north central
New Mexico, southeastern and southwestern
Colorado, and Arizona (north of the Mogollon
!lim) and reported mean total basal area of
25.0 m2 . ha-1; mean stand density index for
all species combined, for pinon only, and
juniper only of 540, 248, and 276, respectively; and mean percent basal area in pifion of 43.
Our data are also consistent with those of
Barger and Ffolliott (1972), who reported a
density of 333.1 trees per hectare and a total
basal area of 14.6 m2 • ha-1 for a stand south of
Flagstaff, which was dominated by Utah
juniper.
Although Utah juniper constituted the major~
ity of the basal area in the study site, pinon
stand density index was a good predictor of
the likelihood of infestation. Other studies have
related host availability to the likelihood ofbark
beetle infestation or the amount of potential
mortality caused by bark beetles (Sartwell 1971,
Safranyik et al. 1974, Sartwell and Stevens 1915,
Schmid and Frye 1916, Furniss et al. 1979, 1981,
McCambridge et al. 1982, Reynolds and Holsten 1994, 1996, Negron 1997, 1998, Negron
et al. 1999, 2000). However, in these studies
the host species was the dominant species on
the sites.
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TABLE 4. Means (± standard error of the mean) for selected variables characterizihg plots with Pinus edulis metric stand
density index <50 and >50, Coconino National Forest, AZ, 1997a.

Variable
Number ofplots
Trees per hectare-all species
Trees per hectare-pinon
Basal area-all species (m2 • ha-1)
Basal area-pinon (m2 . ha-1)
Percent basal area in pinon
Stand density index-all species
Stand density index-piiion
Diameter at root collar (cm)-all species
Diameter at root collar (cm)_pinon
Pinon crown ratio (%)
Piiion crown width (m)
Piiion mistletoe infection level
Distance to nearest attacked tree (m)
Residual basal area-all species (m2 . ha-1)
Residual basal area-pinon (m2 . ha-1)
Percent residual basal area in pinon

sm < 50

sm> 50

25
292.6 (31.2) a
104.8 (10:8) a
19.4 (2.6) a
1.0 (0.1) a
13.9 (5.3) a
321.6 (40.7) a
25.3 (3.1) a
22.1 (1.6) a
9.9 (0.9) a
81.1 (3.8) a
1.9 (0.2) a
0.2 (0.1) a
11.1 (1.5) a
19.2 (2.6) a
0.7 (0.1) a
12.3 (5.4) a

62
596.2 (39.7) b
380.2 (30.4) b
27.0 (1.9) b
1.4 (0.6) b
35.6 (3.1) b
487.5 (31.2) b
164.4 (13.1) b
19.9 (0.7) a
14.6 (0.5)b
69.4 (1.8) b
2.6 (0.1) b
0.9 (0.1) b
15.8 (0.8) a
22.3 (1.8) a
2.8 (0.5)b
16.9 (3.0) b

aFar each variable, meaoS followed by different letters are significantly different according to a Maon-Whitney test (P > 0.05). Type I error was not maintained
across all variables.

Foxx and Tierney (1987) suggested that piiion
roots might reach 6 m below the ground but
that juniper roots can attain even greater depths.
Schuler and Smith (1988) proposed that these
differences in rooting habits between juniper
and pinon might cause intraspecific competition for moisture that may be greater than
interspecific competition between pinons and
junipers. This may explain why pinon stand
density index is a good predictor of infestation, even when pinon represents a minor portion of site occupancy.
At the individual tree level, the probability
of infestation increased with increasing diameter at root collar and mistletoe infection level.
In our study site the smallest tree attacked
was 4.3 cm, the largest 41.7 cm. The largest
piiion observed was 45.2 cm. We also observed
increased proportions of pinon ips-killed trees
with increasing diameter at root collar size
classes. Wilson and Tkacz (1992) confirmed
that >50% of the trees with diameter at root
collar between 11.8 and 21.9 cm were attacked
by pinon ips, whereas <50% of trees smaller
than 17.8 were attacked. Tree size influences
the susceptibility to attack by pifion ips, and
our data suggest that preference is exhibited
for larger-diameter classes in the stand.
Dwarf mistletoe infection level was another
important factor in determining the likelihood
of attack by pinon ips, as mistletoe infection
level increases, so also does the likelihood of
attack. Stevens and Hawksworth (1984) stated

that the nature of the relationship between
primary bark beetles and dwarf mistletoes was
at the time poorly understood. The statement
remains true, as the laIowledge base of this
relationship is still limited. The bulk of the
evidence suggests that there may be a positive
relationship in ponderosa pine between mistletoe infestations by the southwestern mistletoe,
Arceuthobium vaginatum (Willdenow) Presl
subsp. cryptopodium (Engelmann) Hawksworth
& Wiens, and mountain pine beetle and round~
headed pine beetle, Dendroctonus adjunctus
Blandford. McCambridge et al. (1982) reported
increased mortality of ponderosa pine caused
by mountain pine beetle in trees infected with
the southwestern dwarf inistletoe in northern
Colorado. Stevens and Flake (1974) indicated
that trees infected with this mistletoe were
commOn in an area affected by an outbreak of
the rotindheaded pine beetle in the Sacramento
Mountains, New Mexico. In another study
from the same area, Negron (1997) reported
average dwarf mistletoe ratings (Hawksworth
1917) that were twice as high in plots infested
by roundheaded pine beetle compared to uninfested plots. However, in lodgepole pine,
studies seem to show no relationship between
infections by the lodgepole pine dwarf mistletoe (Arceuthobium americanum Nuttall ex
Engelmann) and mountain pine beetle attacks.
Hawksworth and Johnson (1989) maintain that
this may be the case because mistletoe~
infected trees tend to have thinner phloem
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TABLE 5. Probability of tree-level infestation as a function
of Pinus edulis diameter at root collar (DRC), and mistle~
toe infection level as modeled with logistic regression.
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Fig. 6. Distribution of the probability of tre~-level infestation by Ips confusus for killed and live trees obtained
from cross-validation analysis. Lower and upper ends of
the box represent the 25th and 75th percentiles, respectively, the line inside the box represents the median,
whiskers of the box represent the largest and smallest values not considered outliers, and lines outside the whiskers
represent outliers.

according to Roe and Amman (1970). Amman
(1972) indicated that thicker phloem in lodgepole pine contributes to increase'd survival of
the mountain pine beetle. As a consequence,
mistletoe~infested lodgepole pines may not
serve as adequate hosts for mountain pine
beetle because they may lack the necessary
phloem. Furthermore, Hawksworth et al. (1983)
found little relationship between dwarf mistletoe intensity and phloem thickness in lodgepole pine in Colorado.
Infections of dwarf mistletoe have a variety
of effects on the host, including reductions in
tree height and diameter growth rates, increased
mortality, and decreased seed production
(Hawksworth and Shaw 1984). Hawksworth
(1961) showed reductions in mean radial growth
for the last 5 years in severely infected ponderosa pines. This suggests that as infections
intensify within the tree and vigor declines, its
susceptibility to bark beetle attack may increase.
At the plot level we observed increased mistletoe infection levels in the piiion ipS-infested
plots. Higher mistletoe infection levels in in~
fested plots may be a function of increased
stocking densities, which may facilitate tree~
to~tree movement of dwarf mistletoe.
The piiion~ips outbreak reduced total and
pinon basal area. All observed mortality
occurred in piiion, and the percent basal area
of pinon in infested stands decreased from

3
4
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7
8
9
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14
15
16
17
18
19
20
21
22
23
24
25

Mistletoe infection level'
0

1

2

3

0.12
0.13
0.15
0.17
0.19
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0.27
0.31
0.34
0.37
0.41
0.44
0.48
0.52
0.55
0.59
0.63
0.66
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0.72
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0.78

0.19
0.21
0.24
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0.33
0.36
0.40
0.43
0.47
0.51
0.54
0.58

0.~9

0.41
0.45
0.49
0.53
0.56
0.60
0.63
0.67
0.70
0.73
0.76
0.78
0.81
0.83
0.85
0.87
0.88
0.90
0.91
0.92
0.93
0.94
0.95

0.6~

0.69
0.68
Q.7.~

0.75
0.77
0.80
0.82
0.84
0.86

0.32
0.35
0.39
0.42
0.46
0.50
0.54
0.57
0.61
0.64
0.68
0.71
0.74
0.77
0.79
0.81
0.84
0.86
0.87
0.89
0.90
0.91

aSee te.xt for e.,..planation ofmistletoe infection index.

30% to 10%. This resulted in a reduction of
pinon in basal area in affected areas to the
same levels found in unaffected stands. Piiion
mortality associated with piiion-ips outbreaks
mayor may not be compatible with management objectives. Widespread mortality can
result in an accumulation of fuels that may
considerably increase fire hazard. Piiion trees
are highly valued as wildlife habitat and as a
source of nuts for human consumption. On the
other hand, tree mortality can also result in
openings where herbaceous production is
increased, which is a benefit to livestock, deer,
and elk.
Although pinons are shade intolerant, establishment of pinon regeneration is most common under the shade of older trees that mod~
erate the environment for seedlings. Premature
exposure to extreme sun and heat can scald
and kill seedlings (Gottfried 1987). Therefore,
piiion regeneration may be negatively affected
when overstory piiions are killed by ips infes~
tations.
Results of this study suggest that piiion
stand density index is a good predictor of
stand susceptibility to pinon ips in our study
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area. This increased susceptibility may be due
to reduced vigor of trees in dense stands. At
the individual tree level, piiion ips appears to
prefer larger-diameter trees and those with
intensifYing dwarf mistletoe infection. Dwarf
mistletoe infection may increase susceptibility
to pinon ips by causing additional stress on
the tree. The simple models presented in this
study can help identifY areas and trees that
may be susceptible to pinon ips mortality
when populations of this insect increase. Where
ips-caused mortality may be of concern, management techniques that include thinning to
reduce pinon stand density index below 50
will' reduce the likelihood of tree mortality.
Since trees with severe mistletoe infections in
the larger-diameter classes are more likely to
be attacked, they may be good candidates for
removal if the overall management objectives
can be achieved.
Because our models were developed using
data from a small area, extrapolation to other
localities areas must be done with discretion.
The important variables observed in our study
will likely be of equal importance in other
sites, but values may vary with changing forest
conditions. Nevertheless, our models may be
useful stepping-stones for the development of
biological models that may be applicable to
larger geographical areas (Hedden 1981).
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SOIL PROPERTIES ASSOCIATED WITH VEGETATION PATCHES
IN A PINUS PONDEROSA~BUNCHGRASS MOSAIC
Becky K. Kerns l ,2, Margaret M. Moorel, Michael E. Timpson3, and Stephen C. Hartl
ABSTRACT.-Since Euro-American settlement, fire exclusion and other factors have dramatically altered interior
western coniferous forests. Once open and parklike, present-day structure in many southwestern Pinus ponderosa
forests consists of dense stands of young, small-diameter trees, with small patches of larger, old trees, and relict open
bunchgrass areas. Our objectives were to assess differences in soil properties associated with these different vegetation
patches. We examined soil morphological characteristics, pH, organic C concentration, total N concentration, CoN ratio,
and phytolith concentration from profiles within 6 transects (18 soil pedons) crossing patches of dense stands of smalldiameter trees, patchs of old-growth trees, and open grassy areas. Results indicate that old"growth plots had significantly lower A horizon pH and thicker 0 horizons than grass plots. In general, we found vegetation patches had statistically similar C and N concentrations and CoN ratios for A and B horizons; however, C in the A horizon was positively
correlated with 0 horizon accumulation (r 2 = 0.79). Greater accumulation of organic C in the A horizon of forested
areas contrasts with commonly reported results from mesic, mid"continental prairie~forest ecosystems but is typical for
many arid, semiarid, and humid savanna ecosystems. Phytolith concentration was similar among old-growth pine, dense
younger pine, and open grassy plots; the lack of a spatial pattern in phytolith distribution could indicate that grass cover
was more spatially continuous in the past. Additionally, this interpretation is consistent with CUlTent theories regarding
historical vegetation change in these forests.

Key words: forest soils, grassland soils, phytoliths, biosequence, nonmetric multidimensional scaling.

Woody plant abundance has increased substantially dUring the past severaI hundred
years in many of the world's grasslands and
savannas (van Vegten 1983, Arno and GrueIl
1986, Archer et aI. 1988, McPherson et aI.
1993). These increases have been attributed to
changes in climate, disturbance, and atmospheric CO 2 concentrations. Prior to EuroAmerican settlement i:q. the interior western
USA, frequent fires maintained open, parklike
conditions in ponderosa pin~ (Pinus ponderosa
P. & C. Lawson) forests (Cooper 1960, Die~
terich 1980, Coy~ngton and Moore 1994a,
1994b, Swetnam and Baisan 1996, Covington
et aI. 1997, Fule et aI. 1997). Fire suppression,
overgrazing, and a warm; wet climatic period
led to an irruption of pip.e regeneration in the
early part of the 20th century (Cooper 1960,
White 1985, Savage et al. 1996, Mast et al. 1999).
Present~day community structure in many
southwestern ponderosa pine forests is characterized by a mosaic of dense stands of these
small-diameter trees, with smaIl patches of

larger, old trees, and relict open bunchgrass
areas.
Some 60 years ago, Hans Jenny (1941) outlined the importance of 5 factors that control
soil genesis: climate, organisms, topography, parent material, and time. Numerous researchers
have examined adjacent forested, recently
forested, and grassland areas to determine the
biotic factors. In mid-continentaI prairie and
forest ecosystems, coniferous and de~iduous
forest soils when compared with grassland soils
can have, among other factors, thinner A horizons, lower pH values, higher carbon:nitrogen
(C:N) ratios, and lower mineraI soil organic
matter (C and N) accumulation, which decreases
more rapidly with depth (White and Riecken
1955, Bailey et al. 1964, Geis et al. 1970, Sever~
son and Arneman 1913, Ugolini and Schlichte
1973, Birkeland 1984, Anderson 1987, Zhang
et aI. 1988, Almendinger 1990, Fuller and
Anderson 1993). This commonly reported pattern in soil properties has also been used to infer
past vegetation change and ecotone boundary
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stability (Birkeland 1984, Zhang et al. 1988,
Almendinger 1990, Fuller and Anderson 1993).
Differences in soil properties are attributed to
grasses being relatively higher quality substrates for soil microflora Oow C:N and lignin:
N ratio, higher pH) and depositing more organic
matter at depth via their root systems com~
pared with deciduous and especially coniferous trees (Meentemeyer 1978, Anderson 1987;
Hart et al. 1992; Schimel et al. 1994). Almen~
dinger (1990) concluded that the magnitude of
these differences, particularly for soil organic
matter and total N, increases the longer the
vegetation persists.
Forest soils also have lower phytolith concentration by mass than grassland soils. Phytoliths are particles of hydrated silica formed
in the cells of living plants and are liberated
upon decomposition. Because of the high silica
concentration of grasses compared with conif~
erous and deciduous trees, soils beneath per~
sistent grassland vegetation typically contain
significantly more phytoliths by mass than soils
beneath forest vegetation (Jones and Beavers
1964, Witty and Knox 1964, Wilding and Drees
1971, Norgen 1973). Differences in soil phyto~
lith concentration have been used to decipher
changes in grassland and forest ecotones
through time (Miles and Singleton 1975, Fisher
et al. 1987).
Our objectives were to assess differences in
soil properties associated with contrasting
vegetation patches (sensu White and Pickett
1985) in a ponderosa pine-grassland mosaic.
We exainined soil morphological characteristics, pH, organic C concentration, total N concentration, C:N ratio, and phytolith concentration along 6 transects (18 soil pedons) from
clumps of old-growth trees, dense stands of
younger pine trees, and open grassy areas. We
hypothesized that (1) open grassy areas would
have soil properties typically associated with
grasslands, (2) patches of old-growth trees would
have soil properties associated with forests,
and (3) dense younger pine areas would have
soil properties transitional between these 2
areas.
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logged and is presently excluded from livestock grazing, although cattle and sheep grazing did occur between 1876 and 1910 (Cov~
ington et al. 1997). Mean annual precipitation
is 56.7 cm, with apprOximately half falling as
snow in the winter and the other half as monsoonal rains from July through September
(Schubert 1974). This area has a mean annual
air temperature of 7.5°C and an average of 94
frost-free growing days. The topography is
fairly level (00/0-5% slopes), and mean elevation is 2250 m. Soils are mapped as a complex
of fine, smectitic Typic Argiborolls and Mollic
Eutroboralfs that developed On Tertiary basalt
flows and cinders (Miller et al. 1995).
Ponderosa pine is the only overstory tree
within the study area. Understory vegetation
consists of blinchgrasses such as Elymus elymoides (Raf) Swezey, Muhlenbergia montana
(Nutt.) AS. Hitchc., and Foa fendleriana (Steud.)
Vasey, and a variety offorbs (Kerns et al. 2001).
The only common shrub is Ceanothus fendleri
Gray.
METHODS

Six transects were chosen randomly from a
set of 20 intentionally selected to cross different patches of vegetation. Along each transect
we established three 41~m2 (O.Ohacre) circular
plots for a total of 18 plots. Transects ranged
from 17 m to 26 m in length. Four transects
had the following 3 plot types: old-growth
pine, transition, and dense younger pine (hereafter, old~growth/young transects). The other 2
transects had the following 3 plot types: oldgrowth, transition, and grass (hereafter, oldgrowth/grass transects). We located plots on
relatively level terrain within the same soil
complex (Miller et al. 1995), on deep soils
away from rocky outcrops. Our goal was to
establish a biosequence with aboveground vegetation being the only variable that changed
(Jenny 1980a). We chose our plot size to be
slightly smaller than the smallest patches of
vegetation (Kenkel et al. 1989), which were
grassy are:;iS. All old-growth plots were established in the center of the tree patch, and all
transition plots were located just beyond the
STUDY SITE
canopy dripline of old-growth trees. Grass
The approximately 2-km2 study site is located plots were established within the nearby open
in northern Arizona, USA, within the Fort Val- grassy area, and dense younger pine plots
ley Experimental Forest, about 10 km north- were entirely within the stand of trees. Only 2west of Flagstaff. This area has never been old~growth/grass transects were included in
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the study due to the present-day paucity of
open grassy areas that were also accessible in
the study 'area by heavy equipment used for
soil excavation.
Field Sampling and
Laboratory Methods

[Volume 63

Samples analyzed for C and N concentrations were finely ground using a ceramic mortar and pestle. We titrimetrically measured
carbon concentration using a wet oxidationdiffusion method (Snyder and Trofymow 1984),
which uses heat (120°C) to oxidize organic
matter more completely than traditional wet
oxidation methods do. Soils did not react to
dilute hydrochlOriC acid, and all pH values
were < 7, accounting for our reporting C as
organic C. Total N was determined by Kjeldahl digestion and subsequent analysis of the
digestate on a Lachat AE Flow Injection Autoanalyzer using the salicylate method (Lachat
Instruments 1992).
Using a modified heavy ljquid flotation tech~
nique (Kerns et al. 2001), we determined soil
phytolith concentration gravimetrically. All elemental and phytolith concentrations are ex~
pressed relative to the oven-dry mass of soil.

For each plot we recorded tree density and
measured diameter at breast height (1.4 m) of
each tree. Trees less than breast height were
not counted. To determine age, we cored trees
at stump height (40 cm). All trees within the
old~growth plots were cored, and a, random
10% sample of trees was cored in the dense
younger pine plots, Using cover classes (Dali~
benmire 1959), we estimated understory plant
canopy cover (shrub, forb, grass). Remaining
cover on the plot was assigned to other ground
cover classes (e.g., forest floor). SoU pits were
then mechanically excavated within the center
of each plot using a truck-mounted backhoe,
Data Analyses
described (texture by feel, color, structure,
etc.), and then sampled by genetic horizon
Data were analyzed within each transect
(Soil Survey Staff 1993).
type using a single~factorANOVA, with plot
We collected phytoljth samples prior to soil type (i.e.; old-growth, grass, dense young pine)
excavation because backhoe use was restricted as the independent factor. If statistically signifduring most of the summer due to severe fire icant (a = 0.10), differences were compared
danger. This initial sampling allowed us to pro- using Tukey's correction procedure for multiceed with laborious phytolith extraction pro- ple comparisons (q. = 0.10). We chose this
cedures. At the plot center we systematically alpha level a priori due to our low sampling
removed 10 mineral soil cores, separated them intensity necessitated by the laborious nature
into 2 depth intervals (0-2 cm and 2~7 cm), of soil profile descriptions. Relationships beand composited them by interval. The 0=2 cm tween variables (C and N concentrations, C
interval was chosen to represent the modem concentration and 0 horizon thickness) were
soil surface, which should reflect contempora,ry explored using least-squares regression. Because
gra,ss-tree vegetation patterns (Pearsall 1986, soil horizons were generally broken into several
Piperno 1988). The 2:-7 cm subsurface interval units for sa,mpling purposes in the field, we
was selected because we wanted to sample calculated mean values for whole horizons using
systematically only within the A horizon, which a weighted mean based on subsample depth.
can be as shallow as 7 cm in some pla,ces in Mean values are reported along with 1 standard
the study area. Phytoliths are rarely found in error of the mean (± sx)' All statistical analyses
other genetic horizons.
(except ANOSIM and the ordination described
Tree cores were mounted and sanded; and below) were completed using SYSTAT 8.0
rings were counted using standard techniques (SPSS Inc. 1998).
(Stokes and Smiley 1996). Soils were air-dried
To ex~e the degree of similarity between
before ,being ground with a wooden rolling pin vegetation and soil properties considering all
to pass through a 2~mm sieve, and a subsam~ variables together, we used 2 multivariate tech~
pIe was oven-dried at 105°C. Soil texture was niques: ANOSIM, a multivariate analysis of
determined using the hydrometer method to variance to test for statistically significant dif~
measUre clay content (Gee and Bauder 1986) ferences (using a diStribution-free randomand wet sieving to determine sand fra,ction. permutation procedure), and NMDS (nonmetric
We determined silt contents by difference and multidimensional scaling), a robust ordination
soil pH values using a 2:1 (v:m) suspension of technique (Kruskall1964, Minchin 1987). Ordi0.01 M CaCl2 :soil (Henderson et al. 1993).
nations are useful in showing spatial structure
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TABLE 1. Vegetation characteristics grouped by plot type from old"growthJgrass (A) and old~growth/dense younger pine
transects (B). Overstory data are means (± sx)' Understory cover data are means (± sx) calculated using midpoint cover
classes. Values from the same row with different lowercase letters are statistically significantly different (P < 0.10).
Transect set A

Old"growth

Transition

Grassl

Live overstory trees
Density (trees per plot)
Dbh(cm)
Number of rings

3.0 (O.O)a
64.8 (3.5)a
229.6 (27. 7)a

0.5 (0.5)b
14.5 (O.O)b
56.0 (O.O)b

0.5 (0.5)b
28.5 (O.O)b
64.0 (O.O)b

Understory cover (%)2
Grass
Forb
Shrub
Forest floor cover (%)

8.1 (6.2)a
2.0 (O.O)a
0.0 (O.O)a
91.2 (6.2)a

25.0 (O.O)ab
2.5 (O.O)a
0.2 (0.2)a
21.2 (16.2)b

50.5 (12.5)b
7.5 (7.5)a
1.2 (1.2)a
8.8 (6.2)b

Transect set B

Old-growth

Transition

Dense younger pine

Live overstory trees
Density (trees per plot)
Dbh(cm)
Number of rings

4.0 (0.6)a
65.1 (4.7)a
249.1 (11.9)a

27.8 (9.0)b
6.8 (0.4)b
55.9 (1.5)b

33.5 (6.3)b
7.9 (OA)b
60.7 (1.6)b

5.6 (3.1)a
2.5 (O.O)a
0.0 (O.O)a
73.8 (6.5)a

23.8 (13.2)a
2.5 (O.O)a
0.8 (0.6)a
58.8 (19.5)a

14.8 (8.2)a
2.5 (O.O)a
0.6 (0.6)a
73.8 (6.5)a

Understory cover (%)2
Grass
Forb
Shrub
Forest floor cover (%)

IGrass plot from transect I included I small young tree.
2Zero standard errors and identical values are due to the use ofmidpoint cover class values.

of multivariate data and similarity and dissimilarity of samples, based on all varia,bles of interest considered together. The most important
property of an NMDS ordination is the pattern
of relative distances among pairs of points;
ordination axes are atbitrary and have no sig~
nificant meaning. Examination ofplots of stress,
a normalized measure of badness of fit, .versus
the number of dimensions (1-4) provides a
guide to the minimum number ofdimensions
required to adequately describe the data (Kru~
skall 1964). For ordinations presented in this
paper, 2 axes appeared to adequately represent
the data sets. Both ANOSIM and NMDS were
performed using the program DECODA Version 3.0 (software available from ANUTECH
Pty. Ltd., at www.anutech.com.aufTD/
DECODA~WWW/welcome.html).
RESULTS

Vegeta,tion
Statistical analyses of vegetation confirmed
our plot selection criteria (Table 1). For the
old-growth/grass transects, old-growth plots
had a significantly smaller percentage of grass
cover and more forest floor cover than grass

plots but no difference in forb or shrub cover
Was found. For the old~growth!dense younger
pine transects, no difference in grass, forb,
shrub or forest floor cover was found. Dense
younger pine plots had significantly denser
stands ofyounger, smaller trees than old-growth
plots. Mean number of rings for younger pine
trees (60.7 ± L6) plus 3~10 years to reach cor~
ing height (40 cm) indicates a germination
date between 1925 and 1932. Cores were not
cross-dated to check for missing rings, and it
is likely that some of these trees ate from the
extensive 1919 cohort documented in the study
area (Savage et al. 1996, Mast et al. 1999).
Soil Properties
For the old-growth/grass transects, we de~
tected a significant difference for 0 horizon
thickness, an evident conclusion since only
the old~growth plots had a measurable 0 hori~
zon (Table 2). No difference was detected for
A horizon thickness. Soil texture of the A horizon for all 18 plots was silt loam. A horizon pH
values were significantly lower for old~growth
plots than for both transition and grass plots. For
the old-growth/young pine transects, old-growth
plots had significantly thicker 0 horizons
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TABLE 2. Soil properties and classification grouped by plot type from old-growth/grass (A) and old-growth/dense younger
pine transects (B). Data are means (± sx)' Values from the same row with different lowercase letters are statistically sig~
nificantly different (P < 0.10).
Transect set A

Old"growth

Transition

Grass

o horizbn thicImess (cm)
A horizon thicImess (cm)
pH (0.01 M CaCI2 )

11.0 (2.0)a
11.2 (3.7)a
504 (O.lO)a

0.0 (O.O)b
16.5 (5.5)a
5.8 (0.20)b

0.0 (O.O)b
22.5 (5.1»a
6.0 (O.05)b

2.0 (l.lO)a
2.1 (0.95)a

1.5 (0.52)a
1.6 (0.02)a

Phytolith concentration (%)
Depth (cm)
0-2
2--7
Transect set B

o horizon thicImess (cm)
A horizon thicImess (cm)
pH (0.01 M CaCI2 )
Phytolith concentration (%)
Depth (cm)
0-2
2--7

,2.5 (0.78)a1
1.5 (0.06)a
Old-growth

Transition

Dense younger pine

9.0 (2.l)a
11.0 (lA)a
5.6 (O.lO)a

3.2 (0.6)b
19.2 (3.'I)a
5.8 (0.04)a

3.2 (0.9)b
18.8 (1.6)a
5.7 (0.05)a

1.9 (0.22)a
1.9 (0.19)a

1.0 (OAl)a
1.5 (0.24)a

1.9 (OA5)a
1.8 (0.27)a

1For phytolith concentration, lowercase letters also represent statistical results within the same column (depth; P < 0.10).

compared with transition and dense younger
pine plots, but no differences in A horizon
thickness or pH were detected.
For both sets of transects, we found few significant differences among plots for A and B
horizons, C concentration, N concentration;
and C:N ratio (Fig. 1). Examination of individ~
ual transects indicates that C and N concentr,ations were generally lower throughout the
profile for grass plots than old~growth plots
(Appendix). The extent of this difference was
much greater for C. The grass plot from transect 18 showed an increase in C concentration
with depth in the A horizon, suggesting that
deposition of new material on an older surface
(lithological discontinuity) could have occurred
at this location, Examin~tion of individual
transects also shows that old-growth plots had
generally higher C and N concentrations in
the A horizon compared to dense younger pine
plots, but C and N were very similar Within B
horizons (Appendix).
Not surprisingly, analysis of C and N concentrations from all plots demonstrated a high
correlation between N and C (n = 79, r 2 =
0.94, P < 0.01). Carbon concentration in the A
horizon was positively correlated with 0 horizon thickness (Fig. 2; n ~ 16, r 2 ~ 0.79, P <
0,001). Two samples were statistically tested as
outliers (Studentized Deleted Residual Procedure, Neter et al. 1990) and discarded,

No differences in mass recovery of phytolith material based on plot type were detected
for either depth (Table 2). Likewise, phytolith
mass was siririlar in the surface (0-2 cm) and
subsurface (2-7 cm) depths.
Ordination results show plot types <#stinctly
clustered based on soil properties (A horizon
thickness; 0 horizon thickness, pH in the A
horizon, and C:N in the A and B horizons; Fig.
3a), and these distinct differences among plot
types were significant (ANOSIM, P = 0.001, n
== 18). Note that dense younger pine plots
were grouped between grass and old-growth
plots. Because differences in 0 horizon accumulation were so dramatic, we reanalyzed the
data without this vqriable. Removal of this
variable resulted in no significant difference
being detected, and the new ordination showed
that plot types were not as distinctly grouped
(Fig, 3b). However, some degree of separation
was apparent, particularly for old-growth and
grass plots.
DISCUSSION

Frequently, detailed analyses and other factors limit extensive sampling and inference in
pedogenic studies; however, several interest~
ing results emerged in our study. The major
difference in soil properties that we detected
among our plots was that old~growth plots had
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Fig. 2. Organic C concentration in the A horizon as a
function of 0 horizon thicImess (r2 = 0,79, n = 16, P <
0.001). Two plots were tested as outliers (Studentized
Deleted Residual Procedure) and are not included in
model statistics but are shown in the figure.

0.08

mid~continent (White and Riecken 1955, Bai~
ley et al. 1964, Geis et al. 19'70, Severson anq.
Ameman 1973, A1mendinger 1990, Fuller and
Anderson 1993). However, this pattern has
been found in ponderosa pine forests (Potter
20
and Green 1964, Jenny 1980a) and is commonly
0
reported in arid, semiarid, and humid savanna
~
IX:
ecosystems (Jackson et al. 1990, WeH:zin and
Z
0 10
Coughenour 1990, Isichei and Muoghalu 1992,
Vetaas 1992, Mordelet et al. 1993, Hibbard
1995, McPherson 1997) and pinyon and Juniper
ecosystems (Klopatek 1986, Tiedemann 1986).
Fa¢tors such as litter quality, microsite conB
A
A
Horizon
ditions, and relatively low grass productivity
could explain higher C and N accumulation in
Fig. 1. Soil organic C concentration, total N concentraforested areas in arid and semiarid forest
tion and C:N ratios for A and B horizons grouped by plot
ecosystems. In our study area grassland proand transect type. Data are means (± s,,).
ductivity (11.2 g . m-2 . y-l for grassy areas;
Covipgton et al. 1997) is much lower than the
mesic mid-continental prairie, where tallgrass
significantly lower A horizon pH values and and mixed-grass prairie ecosyste:rns typically
thicker 0 horizons than either grass or dense produce 100-300 g . m-2 • y-l (Barbour et at
younger pine plots. Our pH results were as 1999). In addition, 0 horizons were composed
predicted, but in c.ontrast to our hypothesis, Predominantly ofponderosa pine needles, bark,
we found that soils from different vegetation and woody material that had accumulated
patches generally had similqr C and N con- beneath trees on forested piots. Ponderosa pine
centrations and C:N ratios. However, C in the litter is characterized by high C:N and lignin:N
A horizon was positively correlated with 0 ratios, which, in part, are responsible for low
horizon thickness. Greater accumulation of decomposition rates of this litter type (Welch
organic C in the A horizon of forested areas and Klemmedson 1975, Klemmedson et al.
contrasts with results reported for the mesic 1985, Hart et al. 1992). Lack of a significant 0
0.00
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old-growth tree stands. Open areas also have
higher solar radiaqon, soil temperature, and
"laId-Growth (nld-growtlildense pine transects)
soil moisture during the growing season than
• Transition to dense younger pin~
dense pine-dominated areas (Covington et al.
Dense younger pine
1997). Therefore, low soil C and N accumulation beneath our grass plots could be the
result of more rapid cycling rates of material
in these areas.
Interestingly, phytolith concentration was
similar between plots for both the 0-2 cm and
2=7 cm intervals. The ~2 cm interval probably
reflects the past 100-~00 years (Fredlund and
o
Tieszen 1994), and the 2r-7 cm depth an older
association. Our results do not demonstrate
the dramatic differences in phytolith concenAxis!
tration previously reported from forest and
(a)
grasslands soils (Jones and Beavers 1964, Witty
and Knox 1964, Wilding and Drees 1971, Norgen 1973, Miles and Singleton 1975, Fisher et
al. 1987) and could indicate that grass cover
was more spatially continuous in the past. This
T
•
interpretation is consistent with studies based
0
•
~
on fire history, historical photos, dendrochron•
~
0
ology, and inference from p.opulation structure
•
0
~
T
•
(Cooper 1960, Covington and Moore 1994a,
"l
0
0
1994b, Covington et al. 1997, Fule et al. 1997),
"l
0
all of which suggest that historical expansion
of ponderosa pine has occurred at the expense
of open grassy areas.
In conclusion, the major differences in soil
Axis!
properties that we detected were Significantly
(b)
lower A horizon pH values and thicker 0 horizons for old~growth plots than for grass and
Fig. 3. (a) Ordination scores from an NMDS analysis
dense
younger pine plots. Lack of other statisshow distinct groupings for vegetation types based on 5
soil charapteristics (ANOSIM, n = 18, P = 0.001). Old- tically significant results could be due to our low
sample size, inherent variability in soils, and
growth, grass, and dense younger pine plots are circled for
clarification. (b) Ordination scores from a repeated NMDS
difficulty of truly isolating the tightly coupled
analysis with the 0 horizon thickness variable removed factors of soil genesis. For example, it is possishow much less distinct groupings, suggesting 0 horizon
thickness was the variable responsible for most of the group- ble that potential effects of patent material and
soil texture have obscured organic matter pating shown in (a) (ANOSIM, P >0.10). Axes and scales are
not directly comparable between the 2 ordinations.
terns derived from vegetation. Fine-textured,
smectitic soils derived from basalt parent materials have a high capacity to accumulate and
horizon and low soil C and N beneath grass retain organic matter (Welch and Klemmedplots could be a result of more rapid decom~ son 1973, Jenny 1980b, Nichols 1984). In an
position rates in these areas. Low levels of ecosystem with coarser-textured soils, differnutrient accumulation can be characteristic of ences in soil properties due to vegetation may
rapid cycling tates, especially for more arid be more pronounced. Thi~. could also explain
ecosystems (Schlesinger et al. 1990). In an area why marked differences in soil properties were
adjacent to our study area, Kaye and Hart found in many classic forest-prairie transition
(1998a, 1998b) showed that mineral soil net N studies conducted in areas with recent glacial
mineralization, nitrification, and respiration parent materials. Yet, Welch and Klemmedson
were signIficantly higher in patches of grass (1975) reported greater C and N concentracompared to dense younger pine stands and tions in soils from grass openings compared to
•

o

Old-Growth (old-growtlilgrass transects)
Transition to grass

T

Grass

[J
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young pole-sized ponderosa stands on similar
fine4extured (silt loam) basalt soils in northern Arizona. It is also possible that the temporal stability of vegetation patches in our study
area is insufficient to create a significant biotic
signature.
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APPENDIX. Individual sample values for mineral soil organic C concentration and total N concentration (%) and CoN
ratios by depth for horizons and subsamples grouped by plot type from old~growth/grass and old-growth/dense younger
pine transects.
.
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BEAVER HERBIVORY OF WILLOW UNDER TWO FLOW REGIMES:
A COMPARATIVE STUDY ON THE GREEN AND YAMPA RIVERS
Stewart W. Breckl,2, Kenneth R. Wilson!, and Douglas C. Andersen3
ABSTRACT.-The effect of flow regulation on plant-herbivore ecology has received very little attention, despite the
fact that flow regulation can alter both plant and animal abundance and environmental factors that mediate interactions
between them. To determine how regulated flows have impacted beaver (Castor canadensis) and sandbar willow (Salix
eXigua) ecology, we first quantified the abundance and mapped the spatial distribution of sandbar willow on alluvial sections of the flow-regulated Green River and free-flowing Yampa River in northwestern Colorado. We then established
16 and 15 plots (1 m x 2.7 m) in patches of willow on the Green and Yampa Rivers, respectively, to determine whether
rates of beaver herbiVOry of willow differed between rivers (Green versus Yampa River), seasons (fall~winter versus
spring-summer), and years (spring 199B-spring 1999 versus spring 1999-spring 2000). Areal extent of willow was similar on each river, but Green River willow patches were smaller and more numerous. Beavers cut more stems during fall
and winter than spring and summer and cut over 6 times more stems (percentage basis) on the Green River than on the
Yampa River. We attribute the between_river difference in herbiVOry to higher availability of willow, greater beaver density, and lower availability of young Fremont cottonwood (Popul1l8 deltoides subsp. wislizenii; an alternative food source)
on the Green River. Flow regulation increased willow availability to beaver by promoting the formation of island
patches that are continuously adjacent to water and feature a perimeter with a relatively high proportion ofwillow inter_
facing with water.

Key words: Castor canadensis,foraging behavior, herbiVory, regulatedfloW8, Salix exigua.

Patterns of herbivory are influenced by
many factors including the abundance and distribution of plants and herbivores and envh
ronmental factors that mediate interactions
between them (Gessaman and MacMahon 1984,
Huntly 1991, Augustine and McNaughton 1998).
The regulation of river flow (i.e., the managed
release offlows from large dams) strongly affects
abundance and distribution of riparian plants
(Nilsson et al. 1991, Stromberg et ai. 1991, Auble
et al. 1994, Naiman and Decamps 1997, Poff
et al. 1991) and movement, behavior, distribution, and density of mammals living in riparian
zones (Miller 1999, Andersen et al. 2000, Breck
et al. 2001, Falck et al. 2003). Because of these
effects, regulated flows should also alter the
ecological relationships between mammalian
herbivores and plants that are closely tied to
riparian ecosystems.
- Andersen and Cooper (2000) addressed this
issue by comparing the impact of marn:tnalian
herbivores feeding on tree saplings on ecologically matched free~flowiIig and flow~regulated
rivers. Noting that a small mammal, Microtus

montanus, reduced seedling and sapling sur~
vivorship more on the regulated than on the
:free~flowing river, they attributed the difference to the elimination of large floods that
periodically decimated riparian small mammal
populations along the :free~flowing river. Their
study highlighted the importance of under~
standing the role of flow regimes when
attempting to clarify ecological relationships
between plants and herbivores in floodplain
ecosystems.
On many rivers in western North America,
beavers (Castor canadensis) and willow (Sali~
spp.) maintain a close ecological a,ssociationin
that willow can be an important forage species
for beavers (Hall 1960, Baker and Cade 1995)
and the foraging activity of beavers can affect
growth patterns and density of willow (Kindschy 1985, 1989). Little is known about how
these interactions are influenced by river flow
regime. Considering that flow regulation can
alter both the distribution of willow (Stromberg et al. 1991, Merritt and Cooper 2000)
and the abundance of beavers (Breck et al.

IDeparbnent ofFlshery and Wildlife Biology, Colorado State University, Fort Collins, CO 80523.
2Present address: National Wildlife Research Center, 4101 LaPorte Avenue, Fort Collius, CO 8052l.
3Uuited States Geological Survey, D-8220, Box 25007, Denver, CO 80225.
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Fig. 1. Location of study areas and Flaming Gorge Dam on the Green and Yampa Rivers in northwestern Colorado,
1998-2000.

2001), it is likely that ecological links between
beavers and willow will also be altered.
In this study our objective was to determine if and how flow regulation altered patterns of herbivory by beavers on willow. To do
this, we studied beaver~sandbar willow (Salix
exigua) dynamics.on 2 rivers matched in most
attributes except the nature of their flow: one
was free;;flowing and the other regulated. We
quantified abundance and mapped spatial distribution of sandbar willow on each river and
then quantified differences in percentage of
willow stems cut by beavers between rivers,
seasons, and years, We also compared estimates
of total amount of willow biomass removed by
beavers.
STUDY AREA

We conducted our study on a 10-Ian section
of the Green River in Browns Park National
Wildlife Refuge and an 8.6-Ian section of the

Yampa River in Deerlodge Park (Fig. 1). At
these locations both rivers are 6th-order tributaries of the Colorado River and histOrically
were influenced by snowmelt-driven spring
floods. The Yampa River is free-flawing and
maintains its meandering form through Deerlodge Park. Flows of the Green River at Browns
Park have been regulated by Flaming Gorge
Dam since late 1962; as a result, the river is in
transition from a meandering to a braided system (Merritt and Cooper 2000). The main
premise of our study design was that prior to
completion of Flaming Gorge Dam, the Green
and Yampa Rivers featured similar flow regimes
(Fig. 2) and maintained similar riparian ecosystems. Details of the ecosystems and the
validity of our assumptions are in Cooper et al.
(1999), Andersen and Cooper (2000), and Merritt and Cooper (2000).
On the Yampa River annual spring floods
maintain the distribution of vegetation. Patches
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Fig. 2. Average yearly flow for the Green River (pre"dam 1940-1962 and post"dam 1962-1995) and Yampa River
(1940-1995). Peak and base flows on each river were similar prior to the completion of Flaming Gorge Dam. Flow regulation since 1962 on the Green River has resulted in elimination of the peak flow and increase in base flow.

of sandbar willow are found at the edge of the
active channel (i.e., the portion of the channel
kept free of perennial vegetation by the spring
floods), and patches of yOling Fremont cottonwood (Populus deltoides subsp. wislizenii),
another important forage species for beavers,
are found on vertically accreting bars within
the active channel (Cooper et al. 1999). During
periods of flooding (April~July), willow and
cottonwood patches may be inundated, depend""
ing upon the size of the flood peak, making
both species more accessible to beavers. By
August the Yampa River drops to its base flow,
which exposes large sandbars that separate the
river from vegetation. Locations of sandbars
and subsequently the location of the base flow
channel vary from year to year.
On the Green River flow regulation has
altered the distribution of plants by altering
the magnitude of peak and base flows, erosion
and deposition processes, and associated edaphic conditions (Merritt and Cooper 2000). Two
important changes have been the fortnation of
islands ill mid-channel and the elimination of
point bar dynamics. As a result, sandbar willow has shifted from a primarily bank species
to a primarily island species, piltches of young
cottonwood trees are rare, and upland vegetation is establishing to the edge of the active
channel (Merritt and Cooper ~OOO).
METHODS

Willow Abundance and Distribution
On each river section we quantified the
number of willow patches, size of each patch,

and total area of willow patches per kilometer
of river. We defined a willow patch as any area
where willow was the dominant woody species
and measured at least 3 m deep (perpendicular to the river). We quantified the number of
willow patches by surveying the length of each
study area. Surveys were conducted on the
ground by walking the length of both shores
and paddling the length of each river section.
We determined the size of each willow patch
by pacillg the length and width of each patch
at several locations dependihg on patch size
and shape. Patch location and dimensions were
plotted ill GIS coverages generated from aer~
ial photographs taken ill July 1997 and August
1995 on the Green and Yampa Rivers, respec~ .
lively. Two patches were considered distinct
if separated by ;;::20 m. We used ArcView to
quantify number of patches, total area of wil""
low on each river section, mean patch size,
and percentage of willow area on islands. An
island Was defined as any area within the
active channel with vegetation. To develop a
comparable estimate between rivers, we
divided the number of patches and total area
of patches by the length of the study reach for
each river.
Willow Plots
In December 1997 we established 16 plots
on the Green River and 15 plots on the Yampa
River. The plots were 1 x 2.1 m (W x L) and had
a midpoint located 1.5 m from the active chan'"
nel margin. We placed plots close to the active
channel because our observations indicated
that beavers were utilizing willow principally
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in areas close to water. To select plot locations,
we started from the upstream end of each willow patch and randomly selected a point within the first 25 m along the river's edge to place
the first plot. The remaining plots were spaced
evenly from this point, with 50 m separating
plots. Thus, the number of plots in a willow
patch increased with patch length. If a patch
was less than 25 m long (measured along the
bank), we placed a single plot in the patch at a
randomly selected point along the river's edge.
We dispersed plots throughout the study length
of each river and attempted to place at least 1
plot on every patch of willow, but logistics lim~
ited us to approximately 75% of the willow
patches on each river.
In each plot we collected data on size and
number of available live stems and size and
number ofbeaver-cut stems at 5 points in tiJ:ne
(mid~April1998, 1999, 2000 and mid~Septein~
ber 1998, 1999). Durip.g each survey cut stems
were marked with tacks and/or paint to prevent their being counted again in subsequent
surveys. We used dial calipers to measure stem
diameters at 3 cm aboveground to the nearest
0.5 mm. Generally, branching of stems did not
occur until well above 3 cm aboveground.
However, when branching occurred at a height
<3 cm, we considered each branch as a separate stem. Stems. <1 mm were not counted.
We measured stems cut by beaver at the level
of the cut or 3 cm aboveground; whichever
was less. Very occasionally; a branch from a
stem was cut. In this case we recorded diameter of the cut branch and measured live stem
at the same height as the cut branch. Both
measurements were used as independent
measurements in the analyses. We used data
from the 1st (April 1998) survey to calculate
mean density of willow stems (number of live
stems per area of plot) for each river and performed a 2-sample t test to test for statistical
differences b.etween rivers. We report actual
significance levels for tests.
During fall and winter on the Yampa River,
many of our plots were separated from the
base flow channel by large sandbars that became
exposed as river flows decreased. We suspect
this influenced foraging activity of beavers and
thus we recorded whether or not the base flow
channel ran adjacent to plots. If water from
the base flow channel was within 1 m of a plot,
.We considered the plot adjacent to water;
otherwise it was recorded as not adjacent to
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water. We calculated the mean percentage of
stems cut in plots adjacent and not adjacent to
water on the Yampa River during fall-winter
periods combined across years. We applied an
arcsine transformation to the portion of stems
cut in each plot and used a t test on the transformed data to test for statistical difference
between plots adjacent and not adjacent to
water. We report untransformed means followed by their asymmetrical confidence limits
(Sokal and Rohlf 1981,419).
Froin early June through early July 1999, a
controlled "flood" was created on the Green
River in Browns Park that featured a peak dis~
.charge rate 2.2 times greater than the mean
post~dam annual peak. This flood was the first
relatively large flood (>250 m 3 . s-l) on the
Green River since 1986 and deposited a few to
50 cm of sediment in different locations along
the river in Browns Park (S. Breck personal
observation). This sediment accretion resulted
in the loss of 6 plots for the mid-September
1999 and mid-April 2000 surveys.
Analyses of Percent Willow Crit
We used likelihood-based methods (Buckland et al. 1997, Burnham and Anderson 1998)
to quantify strength of evidence for alternative
models explaining patterns of willow herbivory
between rivers. The approach has been for~
malized in techIJiques for selecting among
competing models of ecological phenomena
(Buckland et al. 1991, Rilborn and Mangel
1997, Burnham and Anderson 1998) and is
measured by Akaike's Information Criterion
(AlC; Akaike 1913). Estimating "weight," or
probability a given model is the best approximation to truth among the models considered,
is a means for reporting the relative support
for alternative models,· where the sum of
weights from the candidate list of models is 1,
Thus, a model with a weight of 1 has cOmplete
support, a model with a weight of 0 no support
(Burnham and Anderson 1998).
We used data from all the surveys, with the
exception of stems cut prior to the April 1998
survey which were excluded from analysis, to
investigate the relationship between the percentage of willow cut by beavers and 3 independent variables: season (fall-winter or springsummer), river (Green or Yampa), and year
(spring 1998=spring 1999 or spring 1999=-spring
2000). We predicted that the percentage of
stems cut would be greater during fall~winter
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TABLE 1. Results of the AIC model selection procedure (see Methods) to determine the model that best explains patterns
of willow cutting by beavers on the Green and Yampa Rivers in northwestern Colorado, September 199B-April 2000.
NPAR is the number of parameters, QAICc is a version of Akaike's information criteria adjusted for overdispersion,
ilQAICc is QAIC differences relative to the smallest QAIC value in the set, and weight is an estimate of the likelihood
of each model (Burnham and Anderson 1998). Variables in models are season (September-April and April-September),
river (Green and Yampa Rivers) and year (spring 199B-spring 1999 and spring 1999-spring 2000). An asterisk (*) indicates an interaction between 2 variables and I indicates all possible combinations of the 3 variables.

Model
season river
year river season
season river season*river
river
year river
year river year*river
season
year season
intercept
year
season Iriver Iyear

NPAR

QAICc

ilQAICc

Weight

3
4
4
2
3
4
2
3
1
2
8

-249.78
-243.06
-242.87
-195.47
-190.02
-188.96
-126.27
-121.92

0
6.72
6.91
54.30
59.76
60.81
123.51
127.86
142.64
145.92
246.26

0.94
0.03
0.03
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

(Jenkins and Busher 1979, Hill 1982) and on
the Green River because of the spatial distri~
bution of willow. We generated a Imeat model
that reflected these predictions as well as
other competing models that included interaction terms and other combinations of the S variables (see Table 1 for a complete list of models).
We used Proc GENMOD with the log-linear link option that assumes a poisson distribution (SAS 1999) to analyze each model and
create output required to calculate AlC values.
The small~sample correction of AlC adjusted
for overdispersion (QAlCc; see Lebreton et al.
1992, Burnham and Anderson 1998:53) was
used to generate a weight for each model.
Biomass Removal
To estimate the amount of food biomass
removed by beavers, we applied Baker and
Cade's (1995) model that converts measures of
sandbar willow stem diameter and density to
estimates of amount of food (g . m-2). We used
measurements of live stems from the fall 1998
and 1999 surveys to calculate the mean amount
of food biomass (g' m-2) available to beavers.
We then used measurements of cut stems from
the spring 1999 and 2000 surveys to calculate
the mean amount offood biomass removed (g .
m~2) during the intervals fall 1998~spring
1999 and fall 1999-spring 2000. We tested for
differences in the amount offood biomass available and utilized between rivers using a 2~
sample t test with plots as replicates. We performed a separate test for each time period (Le.,
fall 1998~spring 1999 and fall 1999-spring
2000).

T

.

~107.14

-103.86
-3.51

RESULTS

Willow Abundance, Distribution,
and Density
Total area occupied by willow patches (m2
. kin-I) was almost identical on the 2 rivers
(Green River: 10,630 m2 . km-l , Yampa River:
10,607 m2 • km-l ). Patches were more numer~
ous (4.0 per km) and, on average, smaller (3700
m 2) on the Green River than on the Yampa
River (2.9 per km and 4146 m2). The percentage of willow area on islands was 3.6 times
greater on the Green River (51%) than the
Yampa River (14%). Mean density of stems in
plots (± s) was lower on the Green (10.1 ± 2.6
stems' m-2, n == 16) than the Yampa River (15.2
± 2.6 stems' m-2, n ::::: 14), but the difference
was not statistically significant (t = =1.29, P :::::
0.205).
Patterns of Willow Cutting
by Beaver
Based on QAlCc weights (Table 1), perof willow stems cut by beavers over
the shldy duration was overwhelmingly sup~
ported by the model showing a difference
between rivers and seasons. Over the 2~year
study, the proportion of willow stems cut (x ±
Sf) by beavers was more than 6 times greater
on the Green River (36.9% ± 0.05) than on the
Yampa River (5.8% ± 0.02), and over 2 times
greater during fall and winter (28.5% ± 0.05)
than during spring and summer (11.3% ± 0.03;
Fig. 3). Averaging the percentage of stems cut
over an entire year, we found little difference
between years, 19.2% ± 0.04 and 20.8% ± 0.05
cent~ge
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Fig. 3. Percentage of willow stems cut by beavers (x ± sx) in plots on the Green and Yampa Rivers in northwestern
Colorado during 4 consecutive time intervals (j? during spring-summer months and 2 during fall-winter months).

in the 1st and 2nd year, respectively, which
explains why the variable "year" was not in
the top model. On the Yampa River during
fall-winter periods, the base flow channel raD.
adjacent to 2 of 15 plots in the 1st year and 3
of 15 plots in the 2nd year. Mean percentage
of stems cut in plots adjacent to the base flow
was much higher (44.5%, 1.70/tr-81.2%, n = 5)
than in plots far from the base flow (1.9%,
0.00/0'-4.7%, n ~ 25; t = -5.31, P < 0.001).

and we could not detect a statistical difference
in either stem density within patches or in willow biomass density. The primary difference
between willow distribution and abundance
on the rivers was in its spatial arrangement.
Most willow on the Green River was on islands
and, because of that river's relatively stable
flow regime, never far from the river's edge. In
contrast, most willow on the Yampa was located
along the river bank, and during low flow peri~
ods some patches were far from water. We
Willow Biomass
believe this difference in spatial arrangement
In fall 1998 and 1999, mean amounts of food directly affected availability ofwillow to beavers
biomass available to beavers on the Yampa River and, combined with other changes associated
were greater than on the Green River, but the with regulated flows, explains differences in
differences were not statistically significant patterns of herbivory we documented between
(Table 2). Conversely, the amount of food re- rivers.
Over the course of the study, beavers
moved by spring 1999 and spring 2000 was 2.8
and 15.6 times greater, respectively, on the removed over 6 times more willow stems (percentage basis) from plots on the Green River
Green River than on the Yampa River (Table 2).
than on the Yampa River (36.9% versus 5.8%,
respectively). Greater herbivory on the Green
DISCUSSION
River is also reflected in the amount of food
At the time of our study, the areal extent of biomass removed. For example, from fall 1998
willow patches was similar between rivers, through spring 1999, beavers removed 2.8
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TABLE 2. Amounts of willow biomass (g . m-2) available in fall and removed by the following spring for the Green and
Yampa Rivers. Differences between rivers were compared using a 2-sample t test. Fewer plots were sampled in fall 1999
on the Green River because of a flood that caused sediment to bury 6 plots.
Green River

Available fall 1998
Removed by spring 1999
Available fall 1999
Removed by spring 2000

Yarp.pa River

(x ±sx)

n

(x±sx)

n

P

142.7 ::1;30.9
76.6 ± 22.8
101.8 ± 19.9
70.3 ± 19.7

16
16
10
10

198.7 ±29.4
27.8 ± 16.5
173.0 ± 34.8
4.5 ± 3.5

15
15
15
15

0.201
0.097
0.134
0.001

tUnes more food biomass and 2.6 times more
stems (percentage basis) on the Green River.
Similarly, from fall 1999 through spring 2000,
beavers removed 15.6 times more food biomass and 24 times more stems (percentage
basis) on the Green River.
Three factors possibly help explain the
greater amount of Willow cut by beavers on
the Green River. First, beaver density was
slightly higher on the Green River (0.5 colonies
. river lan-I) than on the Y~pa River (d.35
colonies' river lan-I; Breck et al. 2001). However, assuming a linear relationship between
density of beavers and amount of willow cut,
higher beaver densities on the Green River
cannot alone account for difference in amount
of willow cut.
Second, abundance of Fremont cottonwood,
a preferred forage for beaver (S. Breck per~
sonal observation), was lower On the Green
River. This forced beavers to rely more on willow for forage. Breck et al. (2003) documented
that total abundance of young Fremont cottonwood was over 5 times greater on the Yampa
River than on the Green River and that indi~
vidual Yampa River beavers, on average, cut
more cottonwood than Green River beavers.
Hall (1960) documented similar relationships
between beavers, aspen, and willow, where
beavers preferred aspen, but if unavailable
increased their dependence on willow.
Finally, availability of willow was higher on
the Green River primarily because stable flows
(Fig. 2) and an altered spatial distribution of
willow (Le., 51% of the total area of willow on
the Green River was on islands compared to
14% on the Yampa River) created a situation
where willow was in close proximity to water
year-round. Willow close to water should be
associated with less predation risk and smaller
energetic cost during foraging (Basey and
Jenkins 1995), making it a more attractive for-

age than willow (or other species) far from
water. In contrast, on the Yampa River during
fall and winter when beavers did most of their
cutting, location of willow relative to the river
was dependent upon location of the base flow
channel. Cutting actiVity was substantial (44.5%
of stems cut) in plots where the base flow
channel ran adjacent to willow but very light
(1.9% of stems cut) in plots where the base flow
channel was not adjacent.
Greater accessibility of willow and subsequent impacts on trophic dynamics between
beavers and willow on the Green River may
have important ecological ramifications. For
example, greater willow accessibility appears
to support higher beaver densities on the Green
River (Breck et al. 2001), despite almost 5
times feWer cottonwood trees on the Green
River. As the Green River continues to change
from a meandering system to a braided system, more islands are likely to develop (Merritt and Cooper 2000), which should in turn
increase the total amount of willow present.
More easily accessible willow may in turn promote further increases in density of beavers
on the Green River. Ecological ramifications
of higher densities of beavers could be impop
tant for species like cottonwood, whose population on the Green River is susceptible to
beaver herbivory (Breck et al. 2003).
Consequences of beaver herbiVOry to the
structure of willow patches are unclear. The
greater herbivory on the Green River may be
causing lower stem density there, at least with~
in the first 3 m of willow patches (10.1 ::j:: 2.6
and 15.2 ± 2.6 stems . m-2 on the Green and
Yampa Rivers, respectively). On the other hand,
willow on the Green River may be able to
compensate for herbivory better than willow
on the Yampa River because growing conditions. for willow appear to have been improved
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by river regulation (Merritt and Cooper 2000,
Breck unpublished data).
Overall, the 6"fold increase in percentage
of stems removed suggests that beavers have
become a more important force in the ecology
of willow on the regulated Green River than
on the free-flowing Yampa River. Whether this
postulated shift in importance among resident
riparian herbivores is a general pattern accompanying shifts in flow regimes is unknown.
Taken together, however, our comparative
assessment of beaver herbivory and shifts in
importance hypothesized for both small mammal and insect herbivores (Andersen and
Cooper 2000, Andersen and Nelson 2002), at
these and other sites on the Green and Yampa
Rivers, suggest that this is, an important area
for research on numerous rivers and streams
now regulated throughout the world.
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HIGH NITROGEN AVAILABILITY DOES NOT IMPROVE SALINITY
TOLERANCE IN SARCOBATUS VERMICULATUS
Rebecca E. Dtenovskyl and James H. Richards l
ABSTRACf.-Natural and anthropogenic changes in basin lake levels in the western U.S. expose saline, alkaline sub"
strates that are commonly colonized by shrubs in the Chenopodiaceae. On a chronosequence of recently exposed substrates
at Mono Lake, California, Sarcobatus venniculatus has greatest biomass accrual, seed production, seedling establishment,
and leaf N at younger sites where soils are extremely saline and alkaline. These field observations and an understanding
of the role of N~containing compatible solutes in salinity tolerance of halophytes led to our prediction that Na and N
interactions stimulate Sarcobatus performance. To test this, we grew Sarcobatus juveniles for 2 years in the greenhouse
at 4 levels of NaCl (5, 100, 300, and 450 mM) and 3 levels of N (0.04, 0.4, and 8 mM) in a randomized, complete-block
design. Contrary to our expectations, high N availability did not induce salt-stimulated growth nor did it increase salinity tolerance in Sarcobatus. Increased N nutrition also had no significant effect on leaf cation ratios or selectivity. Plants
grown at high salinity had significantly lower leaf K:Na, Ca:Na, and Mg:Na ratios than plants grown at lower salinity.
However, plant selectivity for the macronutrient cations remained high, even at 450 mM NaCl. Without such high selectivity, the cation nutrition of Sarcobatus would decline to even lower levels, resulting in severe nutrient deficiencies.
This study suggests that the ability of Sarcobatus to attain high leaf N, rather than an interaction between Na and N,
enhances its performance at saline sites. In addition, the ability of Sarcobatus to maintain high macronutrient cation
selectivity despite high salinity allows its distribution to extend to extremely saline and alkaline substrfltes in this arid
system.
Key words: salinity, nitrogen, selectivity, cation, sodium, calcium, magnesium, halophyte, Sarcobatus vermiculatus,
black greasewood.

Climate change-driven fluctuations over
many millennia have caused large variation in
water levels of basin lakes throughout the
western u.s. Species in the Chenopodiaceae
have been especially successful at colonizing
substrates exposed by repeated recessions, and
some apparently have adapted to extremely
saline and alkaline subsh'ates in this arid region
(Trent et al. 1997 and references therein). In
our model system at Mono Lake, CalifOrnia,
rapid recession since 1941, caused by transfer
of inflows to urban and agricultural uses, has
created a chronosequence of dunes similar to
chronosequences created over much longer.
times by natural climate change (Toft and
ElliothFisk 2002). Shorelines and associated
dunes closer to Mono Lake are more saline
and alkaline than sites further from the lake
(Donovan et al. 1997, Donovan and Richards
2000, Toft and Elliot-Fisk 2002). Sarcobatus
vermiculatus (Hook.) Torrey (Chenopodiaceae;
hereafter, Sarcobatus) colonizes the most saline
sites in this system, but its recruihnent extends

throughout the salinity gradient to older, less
saline dunes (Donovan and Richards 2000). At
youngel; highly saline shoreline dune com~
plexes, Sarcobatus leaf N can be very high
(3:30/0-4.4% in June on sites exposed since 1941)
despite accumulating Na (up to 14.5%) by late
in the growing season (Donovan et al. 1997).
Adult shrubs at these sites leaf out 2-4 weeks
before plants on older, less saline dunes. In a
common garden study, transplanted Sarcobatus
juveniles produced the most biomass at younger,
more saline sites (Donovan and Richards 2000),
and natural seed production and seedling
establishment were also highest at high leaf~N
sites (Fort and Richards 1998). Based on these
data, we hypothesized that increased N avail~
ability enhances Sarcobatus performance at
high-salinity sites.
Improved N nutrition generally increases
plant salinity tolerance, and this may result
from effects on water relations in halophytes.
To reduce plant water potential below that of
salt-affected soil water potential, halophytes

lDepartment of Land, Air and Water Resources, University ofCalifomia-Davis, One Shields Avenue, Davis, CA 95616·8627.
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accumulate salts (predominantly Na +, Cl-, and
organic anions) in their vacuoles and low molecular weight N compounds compatible with
metabolic activity in their cytoplasm (Greenway and Munns 1980, Bohnert et al. 1995).
Compatible solute synthesis may increase N
demand in salt-accumulating species. For
example, high-N supply increased salt toler~
ance in the salt marsh perennial Halimione
portulacoides (Jensen 1985), and the aboveand belowground biomass of.2 salt marsh C4
grasses cOlTelated strongly with N nutrition
(Smart and Barko 1980). In addition, under
high, but not low, N availability, growth in 2
annual Atriplex species was stimulated by salt
(Rozema et al. 1983). Similarly, salt tolerance
of 2 halophytic, annual SperguZaria species
increased as N availability increased, although
their glycophytic congener's growth was not
affected (Okusanya and Ungar 1984).
In addition to interacting with N nutrition,
salinity reduces K, Ca, and Mg uptake in both
glycophytic and halophytic species (Rozema et
al. 1983, Lynch and Lauchli 1985, Zhong and
Lauchli 1994, Marschner 1995). Under field
conditions Sarcobatus leaf K, Ca, Mg, and P
concentrations decreased as soil salinity in~
creased (Donovan et al. 1997). In many halophytes soil salinity, also decreases selectivity
for the nutrient cations (where selectivity is
the ratio of nutrient:Na in leaves verSus nutrient:Na in soil). In contrast, under field condi~
tions Sarcobatus Mg selectivity increased 54~
fold, maintaining sufficient internal Mg levels
as soil salinity increased (Donovan et al. 1997).
Similar nutrient:salt interactions are expected
under greenhouse conditions. However, since
N plays an important role in both nutrient
uptake and metabolism, increased N nutrition
may have a positive influence on cation uptake
and use under saline conditions.
Literature results and our observations sug~
gest N nutrition influences salinity tolerance
of Sarcobatus. Because of this interaction, we
predicted that (1) Sarcobatus salt tolerance
would be greater under high-N conditions than
under 10w~N conditions, resulting in enhanced
growth at low salinity and less reduction in
growth at high salinity; (2) under increased
salinity Sarcobatus would maintain leaf KNa,
Ca:Na, and Mg:Na ratios, and selectivity for
the nutrient cations would increase with
higher N availability.
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MATERIALS AND METHODS

Seedling Collection
and Growth
On 29 June 1998 we collected small Sarcobatus plants in at least their 2nd season of
growth from the northern shore of Mono Lake,
CA (38°5'N, 118°58'W; elevation 1957 m). At
this site the soil is both saline and highly alka~
line. Saturated soil paste electrical conductivity is apprOximately 5 dS m-I , and pI:I is 9.9 ±
0.1 (see description of site in Donovan et al.
1997, Donovan and Richards 2000). In these
previous studies this site is referred to as
"Transverse Dunes" and was exposed between
1940 and 1950 as Mono Lake receded (Toft
and Elliott-Fisk 2002).
Juvenile plants were transplanted into a l:i
mixture of sand and fitted clay in 4~L, 35-cm~
deep Tree Pots ™ (Stuewe and Sons, Corvallis,
OR) and were grown in an unheated University of California~Davis greenhouse with natural light. Plants were assigned randomly to 5
blocks and a factorial combination of 4 NaCl
levels (5, 100, 300, and 450 mM) and 3 N levels
(0.04, 0.4, and 8 mM). Nitrogen was supplied
as both N0 3- and NH 4+ in a 7d ratio in all
treatments. We supplied other nutrients at onehalf strength in a modified Hoagland's solu~
tion (Epstein 1972), adding supplemental salts
(K3P0 4, CaCI2 ) to the medium- and 10w~N
treatment solutions. Following leaf senescence
in October 1998, the plants were pruned
(removing all new shoot material) and allowed
to overwinter with all N and NaCl treatments
continued.
In January 1999 we raised the watering
solutions to pH 10 with K2C03 and KOH to
better replicate the alkaline soil conditions at
the field site. This modification was made
before the plants started to form new shoots.
At each twice-weekly watering, the plants were
saturated with their respective pH-adjusted
NaCl solution and then given 100 mL of the
appropriate pH",adjusted nutrient solution. The
plants were grown under high~pH conditions
from January 1999 until the May 1999 harvest.
Growth Assessment
and Shoot Harvest
Prior to harvest, plant growth was assessed
as the number of new shoots produced and the
length of each new shoot. During 12--14 May
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1999 all aboveground plant organs were
harvested. We dried all stem matelial at 60°C
and weighed it, and leaf material was lyophilized
and weighed.
Leaf~nutrient Determinations

Leaf material from the 5-, 300~, and 450-mM
NaCI treatments was ground with an agate
mortar and pestle. A subsample of leaf tissue
was dry-ashed, suspended in 1 N HCI, and
analyzed on an ICP~AES (Thermo Jarrell Ash,
Franklin, MA) to determine lefl.f K, Ca, Mg, P,
and Na concentrations. Leaf N concentration
was determined by micro-Dumas combustion
l.lsing a CN analyzer (Carlo Erba, Milan, Italy).
Statistical Analyses
Comparisons between treatments were made
using 1- and 2-factor ANOVA models. Due to
treatment-specific effects, many plants showed
low or no growth, causing most measured variables to be skewed and heteroscedastic. Trans~
formations failed to meet the ANOVA assumptions. Therefore, nonparametric ANOVA on
ranks Was used to analyze the data, except where
otherwise noted (Zar 1999). Any nonsignificant effects (except fbr block) Were removed
from our models. When a significant Na*N
interaction (P < 0.05) was identified, we com~
bined the main effects of:Na and N as a single
"treatment" variable and ran the model as a 2way ANOVA with treatment and block as the
2 m.ain effects. Differences between treatments
were determined using the Ryan~Einot~Gabriel
Welsch )multiple comparisons of means test.
All data were analyzed using SAS (SAS Insti~
tute 1997).
RESULTS

Growth Measurements
As hypothesized, there was a statistically
significant Na*N interaction for new shoot
biomass production (P <:: 0.0001). However, the
pattern was not as predicted. Although we expected the threshold for salinity tolerance to
depend on the level of supplied N, there Was
no evidence to support this prediction. Instead,
the threshold for salinity tolerance was some~
where between 300 mM and 450 mM NaCI for
all 3 N treatments, with new shoot biomass
decreasing to near~zero values at 450 mM
NaCI in all N treatments (Fig. lA). In the highN treatment, biomass consistently decreased
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as Na increased, whereas low- and medium-N
treated plants produced little shoot biomass in
the low~ and 2 moderate-salinity treatments
before declining to neat-zero values at 450 mM
NaC!. In all treatments lefl.fbiomass accounted
for 67% :!: 1.2% (mean ± sx) of shoot biomass.
Total number of shoots and total shoot length
were affected negatively by NaCI (P < 0.0001
for both Variables). The magnitude of both vari~
ables, although similar between 5, 100, and
300 mM, decreased by over 80% at 450 mM
NaCI (Figs. IB,C). Although N treatment had
no significant effect on total number of new
shoots (Fig. ID; P ~ 0.47), high~N plants had
35% and 50% greater total shoot length than
medium- or low-N plants, respectively (Fig.
IE; P = 0.003). Contrary to our expectations
and unlike the biomass values, there was not a
statistically significant Na*N interaction for
either total number of shoots or total shoot
length (P = 0.95 and P = 0.24, respectively).
Leaf Nutrients
Salinity alone had a significant effect on leaf
cation concentrations. High salinity decreased
leaf K, Ca, and Mg concentrations (P <
0.0001; Figs. 2A-C) and increased leaf Na
concentrations (P ~ 0.0004; Fig. 2F). Leaf
molar ratios K:Na and Ca:Na decreased similarly at all N levels as NaCI increased (salinity
main effect: P < 0.0001; Fig. 3A). Although
the Mg:Na leaf molar ratio decreased more
precipitously in the low-N treatment than in
the medium~ and high~N treatments as salinity
increased (Na*N interaction: P < 0.0001), leaf
Mg:Na decreased to very low values in all N
treatments (Fig. 3B). Leaf P did not vary by
Na treatment (P = 0.75; Fig. 2D), but leaf N
was greater in high~N plants (P = 0.0004; Fig.
2E).
Selectivity coefficients (SK/Na, SCa/Na,
SMg/Na, SCa/Mg) were c~culated for each ~eat
ment, where S = (nutrient/Na)leaf / (nutrient/
Na)soil solution with all data as molar concentrations. These coefficients integrate plant acquisition of potentially interfering cations with
the relative availability of those ions in the soil
solution. Since the growing medium in OUr experin:J.ent had very low cation exchange capacity and nutrients were replenished at each
watering, the nutrient levels supplied in the
watering solutions were used as the measure
of soil nutrient availability. Selectivitycation/Na
increased as the applied salinity was raised
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from 5 mM to 300 mM NaCl. However, cation
selectivity plateaued at 450 mM NaCI, near
the plant's physiological limit for salinity tolerance (Fig. 3C). In contrast, N alone affected
SCa/Mg' with low~N plants having significantly
lower SCa/Mg than medium~ and high-N plants
(S£a/Mg ~ 0.19, 0.27, and 0.29, respectively;
P - 0.002).
DISCUSSION

Salinity and nitrogen stresses influenced
growth and development of Sarcobatus. Nitrogen~limited plants produced few shoots and
those grew very little, regardless of salinity
treatment, whereas high-N plants were only
growth-limited at higher salinity levels. The
inland salt marsh annual Atriplex triangularis
responded similarly to Sarcobatus when raised
under varying Na and N availabilities (Drake
and Ungar 1989). It is unclear why some halophytes are salt-stimulated under high N and
others, such as Sarcobatus and A. triangularis,
are not. It is unlikely this difference is related
to life form or phylogenetic relationships. Some
perennials and annuals are salt-stimulated
under high-N conditions while others are not,
and species within the Chenopodiaceae respond
differently to Na and N availab:i.lity. Contrary
to our expectations, high N did not increase
salt tolerance of Sarcobatus, as evidenced by
enhanced growth, in this greenhouse study. In
fact, at high N, growth strongly decreased as
salinity in the watering solution increased. In
the field we observe better plant performance
at saline, high leaf-N sites compared to non~
saline, low leaf~N sites (e.g., Donovan and
Richards 2000). The clirrent study's results
suggest increased plant performance at saline
sites is related more closely to plant N status
than to an interaction between Na and N. In
support, N-fettilized Sarcobatus adults at nonsaline sites in the field initiated leaf expansion
at the saine time as control plants from high~N
but saline sites, and end-of~season growth was
not signi£icantly different between these 2
treatments (Drenovsky 2002).

Figs. lA-E. Average city shoot biomass, total number of
new shoots, and total shoot length of Sarcobatus grown at
different levels of Nand Na. Data are means ± Sf (n =
5-30).
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Figs, 2 A-E Elemental composition of mature Sarcobatus leaves from plants grown at different levels of N and Na.
Only main effects are shoWIi (see text). Leaf-N values were averaged over all N~Cllevels. In all other figures values
were averaged over all N levels. 'J;here was no significant interaction. Data are means ± Sx (n = 6-15). Letters indicate
significant differences (P < 0.05) between treatments.

Similar to salinity's detrimental growth
effects in juvenile plfillts, Sarcobatus seed gerinination was highest at low salinity in 2 studies (Romo and EddlenIan 198$; Dodd and
Donovan 1999), and increasing salinity slowed
Sarcobatus seed germination (Ramo and IIaferkamp 1987). Also consistent with our results;
increasing salinity up to 200 mM NaCl at 4
mM N did not reduce Sarcobatus seedling reh
ative growth rate for the first 1.5 months of
growth (Dodd and Donovan 1999).
Leaf nutrient concentrations reported for
this greenhouse study are similar to previous
greenhouse and field results for Sarcobatus,
with increasing salinity depressing leaf cation
nutrition (Richards 1994, Donovan et al. 1997).
Sodium competes with and/or reduces K; Ca,
and Mg uptake in both halophytic and glycophytic plants (Rozerna et al. 1983, Lynch and
Lauchli 1985, Zhong and Lauchli 1994, Mar-

schner 1995). Contrary to our predictions,
higher N availability did not Significantly improve plant cation nutrient status.
In this study SK/Na, SCa/Na, and SMglNa increased as salinity increased, suggesting that
root surface ion competition is not responsible
for declining plant nutrition. Typically, SK/Na is
reduced by salinity (e.g., Zhong and Uiuchli
1994, Marschner 1995), whereas in Sarcobatus
we found SK/Na, SMglNa' and SCa/Na increased
by 9.5~, 11.5-, and 3.5-fold, respectively, as
salinity increased from 5 mM NaCI to 300
mM NaCl. Although selectivity remained high
at 450 mM NaCl, these levels were insuffi.~
cient to maintain adequate cation uptake, causing overall cation nutrition to decrease. Contrary to our predictions, additional N did not
promote increases in selectivity or ameliorate
the effects of salinity on cation nutrition in
Sarcobatus. Across a salinity gradient in the
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ducted in the field and greenhouse to determine possible intra~population genetic differences in selectivity responses. Also, hydroponic
studies would allow for more controlled experimental conditions and permit observations of
individual plant responses to both low and
high salinity. Nevertheless, increased or main~
tained selectivity is essential for plant nutrition at increasing salinity. The halophyte Sarcobatus maintains high selectivity even when
nearing its physiologicallirnit for salinity tol~
erance. Without such high selectivity; its cation
nutrition would decline to even lower levels
under high salinity, causing severe nutrient
deficiencies. Other researchers have related
salinity tolerance in yeast and other plants to
selectivity maintenance (Alfocea et al. 1993,
Reimann and Breckle 1993, Zhong and Lauchli
1994, Zhu 2000). Nitrogen did increase SCa/Mg.
Selectivity values from this study were comparable to other literature values for SCaIMg
(Zarate 2000) and suggest that Sarcobatus is
able to maintain its Ca:Mg ratio, regardless of
applied salinity. Likewise, leaf Ca:Mg was not
affected by salinity in Cucumis melo plants
grown under varying levels of NaCl (Navarro
et al. 2000).
The strong plant performance of Sarcoba~
tus at saline field sites likely is related to its
ability to attain high leaf~N levels and to
respond with rapid growth liIlder high~N avail~
ability; rather than to interactions between Na
and N. In additiOn, the ability of Sarcobatus to
sustain high selectivity for plant nutrient cations
allows its distribution to extend to the youngest,
most saline regions along the clttonosequence
despite low availabUity of Mg, K, and/or Ca in
alkaline soils.
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HABITAT FEATURES AND PREDICTIVE HABITAT MODELING
FOR THE COLORADO CHIPMUNK
IN SOUTHERN NEW MEXICO
Marina Rivieccio 1,4, Bruce C. Thompson2,5, William R. Gould3, and Kenneth G. Boykinl
ABSTRACT.-Two subspecies of Colorado chipmunk (state threatened and federal species of concern) occur in south"
em New MeXico: Tamias quadnvittatus australis in the Organ Mountains and T. q. oscuraensis in the Oscura Mountains.
We developed a GIS model of potentially suitable habitat based on vegetation and elevation features, evaluated site clas"
sifications of the GIS model, and determined vegetation and terrain features associated with chipmunk occurrence. We
compared GIS model classifications with actual vegetation and elevation features measured at 37 sites. At 60 sites we
measured 18 habitat variables regarding slope, aspect, tree species, shrub species, and ground cover. We used logistic
regression to analyze habitat variables associated with chipmunk presence/absence. All (100%) 37 sample sites (28 predicted suitable, 9 predicted unsuitable) were classified correctly by the GIS model regarding elevation ap.d vegetation.
For 28 sites predicted suitable by the GIS model, 18 sites (64%) appeared visually suitable based on habitat variables
selected from logistic regression analyses, of which 10 sites (36%) were specifically predicted as suitable habitat via
logistic regression. We detected chipmunks at 70% of sites deemed suitable via the logistic regression models. Shrub
cover, tree density, plant proXimity, presence of logs, and presence of rock outcrop were retained in the logistic model
for the Oscura Mountains; litter, shrub cover, and grass cover were retained in the logistic model for the Organ Mountains.
Evaluation of predictive models illustrates the need for multi"stage ahalyses to best judge performahce. Microhabitat
analyses indicate prospective needs for different management strategies between the subspecies. Sensitivities of each
population of the Colorado chipmunk to natural and prescribed fire suggest that partial bUImngs of areas inhabited by
Colorado chipmunks in southern New MeXico may be beneficial. These partial bUrnings may later help avoid a fire that
could substantially reduce habitat ofchipmunks over a mountain range.

Key words: Colorado chipmunk, GIS, habitat modeling, New Mexico, Tamias quadrivittatus.

The Colorado chipmunk, Tamias quadrivittatus, occurs in Arizona, Colorado, New Mexico, and Oklahoma (Best et al. 1994). There
are 3 subspecies, all of which occur in New
Mexico (Findley et al. 1975, Sullivan 1996). The
2 subspecies that occur in central and south~
ern New Mexico are the Organ Mountains chipmunk (T. q. australis) and the Oscura Mountains chipmunk (T. q. oscuraensis; Patterson
1980a, 1980b, Sullivan 1996). They are restricted
to their corresponding mountain range and
are listed as threatened by New Mexico and as
a species of concern by the US. Fish and Wildlife Service (Patterson 1980a, Sullivan 1996,
New Mexico Department of Game and Fish
[NMDGF] 1988, New Mexico Administrative
Code 19.33.1).
Little is lmown about the 2 southern subspecies. The Organ Mountains chipmunk was

found in various habitats such as mixed conifer,
mesic woodland, and montane scrub in 1998
(New Mexico Natural Heritage Program, Post~
fire ecological studies reported to US. Army
Corps of Engineers, 1998), which contradicted
previous indications that they occur only in
spatially restricted and fragmented coniferous~
forest habitats (US. Department of Defense
[DoD] 1998, NMDGF Biota Information Sys~
tern of New Mexico, onUne database). Previous
surveys found Oscura Mountains chipmunks
primarily along west-facing slopes (R.M. Su1li~
van and R. Smartt unpublished report, Sullivan 1996) in pinyon pine~juniper (Pinus edulis~
Juniperus) habitat, although Sullivan (personal
communicatiOn 1998) identified north, north~
west, and northeast slopes as critical habitat to
be protected for this population.
Both southern subspecies occur primarily
on military installations and were selected for

INew Mexico Cooperative Fish and Wildlife Research Unit and Department of Fishery and Wudlife Sciences. New Mexico State University, Box 30003
MSC 4901. Las Cruces. NM 88003.
2USGS New Mexico Cooperative Fish and Wildlife Research Unit. Box 30003 MSC 4901, Las Cruces. NM 88003.
3University Statistics Center, New Mexico State University, Box 30001 MSC 3CQ. Las Cruces. NM 88003.
4Present address: 1005 Foothill Drive. Fulmore, CA 93015.
5Present adress: New Mexico Department ofGame and Fish. Box 25112. Santa Fe, NM 87504.
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species-at-risk evaluation on White Sands
Missile Range (WSMR) and Fort Bliss (Boykin
et al. 2001). Both subspecies are considered
vulnerable due to geographic isolation and
confinement to mesic, higher-elevation habitats that can support only a limited number of
chipmunks (NMDGF 1988, Mehlhop et al.
1994). Because federally listed species can
affect military operations in a variety of ,ways
(DoD Directive 4715.3, Schreiber 'and Reed
1998), development of information that im~
proves conservation practices and stabilizes
these populations may preclude future special
classification, thus being beneficial to the military installation and to the species a~ risk.
For the Organ Mountains chipmunk, Mehlhop et al. (1994:13) recommende-d "verification
of suspected habitat affinities and subsequent
protection of these habitats in the mountain
range." Previous habitat modeling of the Colorado chipmunk in New Mexico did not predict chipmunk occurrence in the Oscura Mountains (Thpmpson et al. 1996), because modeling was completed before information was
available from Sullivan (1996). We used a GIS",
based model of potentially suitable habitat to
classify and sample prospective Colorado chipmunk habitat in the Organ and Oscura Mountains. We tested the hypothesis that occur~
rence of the Organ Mountains chipmunk and
the Oscura Mountains chipmunk corresponds
to predictions of suitable habitat based on
existing literature and GIS modeling from
available spatially referenced information. Our
research objectives were to (1) develop and
evaluate a GIS-based habitat model of potential suitable habitat for each subspecies based
on existing information and GIS-compatible
information, (2) detect, through field observations, presence or absence of chipmunks and
their habitats in areas predicted as suitable
and unSuitable, and (3) measure and describe
vegetation and terrain features (microhabitat)
relating to use of habitat.
STUDY AREA

White Sands Missile Range and Fort Bliss
are located in south central New Mexico (Fig.
1). These areas comprise 714,000 ha on WSMR
and 446,000 ha on Fort Bliss within the Great
Basin Conifer Woodland and the Chihuahuan
biogeographic provinces (Brown 1982). Approximate elevations of the 2 mountain ranges (Fig.
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1) are 1500~2700 m in the Oscura Mountains
on WSMR (Lincoln and Socorro Counties,
NM) and 1300-2700 m in the Organ Moun~
tains on Fort Bliss (Dona Ana County, NM).
Vegetation communities in which Colorado
chipmunks have been found in New Mexico include ponderosa pine (Pinus ponderosa) forest,
pinyon~juniper woodland, montane scrub, and
coniferous and mixed woodland (Patterson 1980a,
Dick-Peddie 1993, Mehlhop et al. 1994, Sullivan
1996, Thompson et al. 1996).
METHODS

GIS-based Habitat Model
We used elevation and vegetation associa~
tions to develop the GIS-based habitat model
with information obtained from technicalllterature. Vegetation associations used in the model
for the Organ Mountains chipmunk were
montane shrubland, pinyon~juniper woodland,
and ponderosa pine forest (Patterson 1980b,
NMDGF Biota Information System of New
Mexico). Vegetation associations used for the
Oscura Mountains chipmunk were ponderosa
pine forest, juniper woodland, pinyon pine~
Gambel's oak (Quercus gambelii), and montane scrub (Sullivan 1996). Dominant plant
species associated with these vegetation com~
munities included pinyon pine, juniper, ponderosa pine, oak (Quercus), and mountain
mahogany (Cercocarpus breviflorus). For both
models, elevations used were > 1380 m (Best
et al. 1994).
Aspect and slope were not used as model
variables for 2 reasons. In the Organ Mountains,
chipmunks occurred on a variety of aspects
and slopes (New Mexico Natural Heritage Program unpublished data). In the Oscura Moun~
tains no information was available regarding
slope and data pertaining to aspect were contradictory.
We used 4 measures to evaluate predictive
ability of GIS~based habitat models. The 1st
measure of performance was the degree to
which elevation and vegetation variables used
in the GIS model characterized sites. A 2nd
measure was the degree to which model~pre
dicted sites corresponded to visual assessments
of habitat suitability. For 3rd and 4th measures
of performance, we examined the degree to
which model-predicted suitable sites were
determined to be suitable either by detection
or prediction of chipmunks via a logistic
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Fig. 1. Map of Colorado chipmunk study area in the Oscura and Organ Mountains of New Mexico within White
Sands Missile Range (horizontal lines) and Fort Bliss (vertical lines); gray shading illustrates habitat predicted from the
GIS model; dots indicate sites examined for chipmunks and measured for habitat variables. One dot in the Oscura
Mountains represents 2 sites; 2 dots in the Organ Mountains (1 inside modeled habitat, 1 outside modeled habitat) represent 2 sites each.

regression model based primarily on detec~
tions of chipmunks independent of model-predicted sites.
Surveys
Survey sites were a random subset of sites
where the GIS model predicted Colorado chip~
munk habitat should (model-predicted stiitable)
or should not (model-predicted unsuitable)
occur. These 37 sites were randomly selected

using a random number generator in ArcView
(Environmental Systems Research Institute,
Inc. [ESRI], Redlands, CA) applied to center
coordinates of numbered analytical cells (30 x
30-m pixels) in the spatial data.
We conducted field surveys at 28 modelpredicted stiitable and 9 unstiitable sites during July~October 1999 and March-August
2000. Each site surveyed was 2.1 ha, the home
range of the Colorado chipmunk (Bergstrom
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1988). Two observers spent about 20 minutes
surveying at each site for chipmunks. This
time was judged sufficient for detection, based
on activity patterns of chipmllnks discussed
with M. Bogan (U.S. Geological Survey, personal
communication, 1999) and previous research
(Sullivan unpublished field data).
Habitat Variables
We considered habitat characteristics of chip~
munks at landscape and micro~scales. We surveyed for presence of chipmunks and measured
microhabitat features (Fig. 1) at 37 model-predicted sites, 14 previously known locations with
chipmunks (New Mexico Natural Heritage Program unpublished data, Sullivan unpublished
field data), and 9 opportunistic sightings (32
sites in the Oscura Mountains and 28 sites in
the Organ Mountains). We obtained habitat
data directly related to verified occurrence of
chipmunks at 30 sites. Opportunistic sites
were those at which a chipmunk was detected
by an observer while traveling to and among
field sites. Detection or nondetection of chipmunks was used to construct a logistic regression model for each mountain range surveyed.
The majority (>75%) of 30 sites with chipmunks used in developing the logistic model
were independent from the GIS model-predicted sites. Therefore, our use of microhabi~
tat features to interpret predictions derived
from the GIS-based habitat model is efficacious and relatively unique among other studies of habitats of small mammals.
We sampled 3 vegetation plots at each site
surveyed. The center of the 1st plot was the
randomly selected UTM coordinate for the
survey site. The remaining 2 nonoverlapping
plots were randomly placed within the site
(Skalski 1987). Each plot consisted of 2 independent sampling units modified from Dueser
and Shugart (1978): 2 perpendicular 20-m line
transects and a circular plot with a 5-m radius
(Buell and Cantlor 1950, Dueser and Shugart
1978, Bonham 1989). We recorded slope and
aspect (Higgins et al. 1996) at the center of the
1st plot and presence or absence of a rock outcrop within each site. We used point-intercepts (every 1 m) along line transects to mea~
sure features of ground and shrub cover (table
1). The circular plot was used to enUmerate
features of shrubs and trees (Table 1). Counts
of shrubs and trees were converted to density
values for subsequent analysis.

Analysis
We used confusion matrices and a Kappa
statistic (K) to evaluate the degree to which
the GIS-based habitat model predicted habitat
in context with visual assessments of site suitability, logistic regression analyses, and detection of chipmunks (Fielding and Bell 1997).
Sites initially were categorized as suitable or
unsuitable based on congruence with GIS
variables. Sites were also visually inspected
and judged to be suitable or unsuitable based
on our biological knowledge of the species.
Subsequently, sites were classified as suitable
or unsuitable habitat based on logistic regression models of presence for each mountain
range. Those sites with estimated probability
of detection 2:0.5 were considered to be suitable habitat. Akaike's Information Criterion
(AlC, Akaike 1973) and our biological knowledge were used to select a parsimonious and
estimated "best approximating model" (Bumhain and Anderson 1998). Logistic regression
is the preferred statistical technique when continuous and discrete variables are contained in
a data set (Block et al. 1998) and when describing locations of presence or absence (Manly et
al. 1993, Alldredge et al. 1998). We used a chisquare test to assess overall significance of the
logistic regression model for each subspecies.
We used quantitative variables except for presence or absence of rock outcrop and logs, which
were dichotomous variables. In constructing
the logistic regression model, we considered
previously known locations as positive for chipmunks, even if a chipmunk was not detected
during our specific survey. We were assessing
habitat predictions, and it is known that detecting animals in occupied habitat can have prob~
ability substantially less than 1.0 (Karl et al.
2002, Kery 2002). We examined perfortnance
. of the logistic model using a jackknife approach
because it is less biased than the resubstitution method in which the same data used to
construct a model are used to test it (Olden et
al.2002).
RESULTS

Performance of Habitat Model
the GIS-based habitat model predicted a
total of 79,900 ha as potentially suitable habitat
for both subspecies (Fig. 1). Of the 37 modeh
predicted sites we examined, all (Kappa = 1.0)
were correctly classified as predicted suitable

2003]

483

HABITAT MODELING FOR COLORADO CHIPMUNK

TABLE 1. Description of variables and methods used to measure habitat of the Colorado chipmunk in southern New
Mexico.
Variable

Description

Measured along line transects"
Canopy cover
Ground cover
Shrub cover

Closest herbaceous plant

Measured within 5 m circular plot
Tree species
Tree size
Tree count
Shrub species
Shrub count
Vegetation species
Logs
Measured at site
Aspect
Slope
Elevation
Rock outcrop

Vegetation ;;,,2 m tall (Dueser and Shugart 1978)
Point having litter, bare soil, or plant cover (Dueser and Shugart 1978)
Vegetation <2 m tall (Dueser and Shugart 1978).
Shrub cover was further broken down into 2 categories:
tall (> 1 m) and short (s1 m)
Species of closest herbaceous ramet (grass or forb) from each point.
Individuals were not counted twice (absence ofany ramet within 5 m
was noted as "no plant")
Single stemmed and > 1.75 m tall
Diameter of trees (in centimeters)
Number of trees by species
Multi-stemmed or single stemmed and s1.75 m tall
Number of shrubs by species: tall (> 1 m) and short (s1 m) in height
Identification ofspecies occurring within the plot
Number oflogs (converted to present or absent for analysis)
Direction ofslope measured at center of 1st plot
Measured using a clinometer at center of 1st plot
Measured from topographic maps and ArcView
Presence of a rock outcrop within the site

aThese variables ;;ere meaSured as percentage ofpoints with the variable

from 3 plots consisting of41 point samples along 2 perpendicular line transects (Dueser

and Shugart 1978).

or unsuitable according to vegetation and elevation variables in our GIS model (Table 2).
The degree of agreement (Kappa = 0.47) be~
tween classifications of sites based on GIS
modeling versus our visual assessment indi~
cated a moderately successful ch~acterization
of sites using the landscape-level varia,bles
(Table 2).
Logistic modeling identified 10 sites as suitable habitat of the 28 predicted-sllitable sites
from the GIS habitat model. All 9 predictedunsuitable sites were identified as unsuitable.
Superficially, the corresponding Ka,ppa statistic of 0.2,1 indicated poor overall performance
of the GIS model. However, there were 16 of
20 previously known and opportunistic detec~
tion sites that occurred in predicted suita,ble
habitat. These 16 sites were not included in
calculating the Kappa statistic; if they had
been included as model predicted and occupied, the Kappa would have been higher. Three
other historic and opportunistic sites occurred
outside the GIS coverage area, although microhabitat data were obtained at these sites.
Detection of Chipmunks Relative
to Predicted Habitat
SUitable habitat features derived from logistic regression analysis were present at 10 of the

predicted-suitable sites. We visuallY/al.ldibly detected chipmunks during our 20~minute surveys
at 'i of these sites in the Oscura (415) and Organ
(3/5) Mountains. No chipmunks were detected
at any of the 9 model~predicted unsuitable sites
surveyed, and none of those sites appeared to
be suitable chipmunk habitat.
OSCURA

MOUNTAINS

CHIPMUNK.~Chip~

munks were detected at 2001-2565 m elevation
on all aspects and slopes ranging up to 30°. A
combination of the variables vegetation cover
and terrain features was significant for predictihg chipmunk presence or absence in the logistic regression model (Table 3). The model with
the 2nd lowest AlC value was selected over
the lowest (33.815 versus 33.400) because the
latter model excluded the closest herbaceous
plant and tree density variables, both of which
represent important cover and food. The over~
all test of the model (X2 = 22.422, 5 elf, P <
0.001) indicated the model was significant in
explaining chipmunk presence or absence.
As shrub cover, tree density, and herbaceous
cover increased (the condition of "no plant"
decreased), likelihood for presence of chipmunks increased. Shrub Cover averaged 14.5%
at nondetection sites and 24.7% at detection
sites. Tree densities were < 17.8 trees . 100
m-2 at all sites in the Oscura Mountains, with
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TABLE 2. Performance of GIS and logistic regression predictive models ofhabitat of Colorado chipmunks for 37 sample
sites in the Organ and Oscura Mountains, New Mexico, July 1999-August 2000. For all comparisons, n = 37.
Comparison derivation
Model predicted
All sites; GIS model variables only
Suitable
Unsuitable
All sites; GIS model variables and visual classification with
variables based on expert opinion
Suitable
Unsuitable
All sites; GIS model variables and classification with logistic
regression model ofmeasured variables
Suitable
Unsuitable

Actual observed
Kappa

Suitable

1.00

28

o

Unsuitable

o

9b

0.47

18

o

10
9b

10'

18

0.21

o

9b

'Chipmunks were visually/audibly detected at 7 of these sites.
hChipmunks wre not detected at any of these sites.

densities :57.6 trees . 100 m-2 at nondetection
sites. Presence oflogs and rocks also was asso~
ciated with increased likelihood of chipmunks
being present. Maximum likelihood estimates
of coefficients corresponding to vegetation mea~
sures and associated logistic regression odds
ratios are provided in Table 3. The odds ratio
is the ratio of probability for occurrence of a
chipmunk at a site to probability for absence
of a chipmunk from that site, given the values
for variables used in the model. An odds ratio
of 1.0 indicates no change relative to unit
change in explanatory variables (e.g., odds of a
chipmunk being present at an Oscura Mountains site increases 11.6% when shrub cover
increases by 1%; Table 3).
The logistic model correctly predicted presence or absence of habitat associations for 25
of 3,2 sites (78%) using a jackknife approach to
assessment of the model. The logistic model
predicted presence in 4 sites where none were
detected. Chipmunks were detected at 3 sites
in which the logistic model predicted absence
of habitat. However, 2 of these sites were historic sites in which presence was assumed for
construction of the model, but at which no
chipmunk was detected on our surveys.
ORGAN MOUNTAINS CHIPMUNK.-Chipmunks
were detected at elevations ranging from 1542
m to 2374 m, on all aspects, and on slopes of
10 =30 The logistic regression model with
the lowest AlC value included litter, grass,
and shrub coVer (Table 3). The overall test of
the model (;x2 = 24.058, 3 df, P < 0.001) indicated the model was Significant in explaining
0

0

•

presence or absence. As litter increased, likelihood of chipmunk presence increased, but as
shrub cover and grass increased, likelihood of
chipmunk presence decreased (Table 3). Shrub
cover was similar on average at detection and
nondetection sites (x = 17.8% and 17.3%, re~
spectively), but variation among sites produced
differences in likelihood of presence. Litter
was more abundant at detection sites than nondetection sites (x = 32.1% vs. 8.3%), whereas
grass cover was less at detection sites (x =
65.9%) than nondetection sites (x = 91.2%).
Rocks did not enter into the model because all
but 1 site had rock outcrops present. Logs were
present at about half (14) of the sites, and chipmunks were present at 7 of these sites. The
model correctly predicted 23 of 28 sites (82%)
using a jacklmife approach to assessing the
model. The logistic model predicted presence
in .2 sites where chipmunks were not detected.
Chipmunks were detected at 3 sites in which
the logistic model predicted absence of chipmunk habitat. However, these 3 sites were his~
toric sites in which presence of chipmunks
was assumed for construction of the model,
but at which no chipmunk was detected on
our surveys.
DISCUSSION
Our comparative assessment of generalized
and quantitative habitat models illustrates the
importance of considering several scales when
qualifying predicted habitat as suitable or un~
suitable. The GIS-based habitat model is a
helpful tool for predicting suitable habitat for
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TABLE 3. Vaiiables included in logistic-regression models to predict habitat features of 2 subspecies of Colorado chipmunk in the Oscura and Organ Mountains, New Mexico.
Parameter estimate (8 x)

Odds ratio

Oscura Mountains
Shrub cover
Rock
Log
Tree density (per 100 m2)
No plant"

+0.1099 (0.0547)
+2.2458 (1.4179)
+4.9908 (~.3200)
+0.5876 (0.4368)
-6.2605 (4.3727)

1.116
9.448
147.058
1.80
O.OO~

0.91-97.3
3.32-6682.2
0.88-3.69
0.0-2.54

Organ Mountains
Grass cover
Shrub cover
Litter cover

-0.0838 (0.0420)
-0.1796 (0.1355)
+0.0967 (0.0470)

0.920
0.836
1.102

0.85-0.95
0.67-1.04
1.02-1.19

Vaiiable

90% CI of odds ratio
1.02-U~2

a

aRefers to absence ofany-herbaceous plant;5 m from sampling point.

several reasons. The habitat model helped narrow our search area, given size of the general
landscape of interest. The GIS~based habitat
model was profiCient in describing landscape
features of elevation and vegetation based on
our Kappa value of 1.0 for landscape features at
model-predicted sites, where K < 0.4 indicates
a poor model and K > 0.15 indicates an excellent model (Landis and Koch 1917, Fielding
and Bell 1997).
None ofthe model-predicted unsiJitable sites
contained habitat features considered suitable
for Colorado chipmunks, and we detected no
chipmunks at any of these sites. Thus, the
model performed well at predicting apparently unsiJitable habitat for chipmunks. However, the GIS-based model was a limited predictor of occurrence detectable by visual and
auditory evidence of chipmunks. The GISbased habitat model predicted siJitable habitat
based on information obtained from technical
literature. Chipmunks use habitat features at
several scales, and the GIS model did not incorporate all of these features or scales. Microhabitat features that are important for chipmunks, based on the logistic regression model,
were not represented in spatial data included
in the GIS=based habitat model. However, it is
crucial to consider that such models predict
habitat features first and foremost; actual
occurrence of an animal at a specific place and
time is conditioned by factors (e.g., behavior
and demography) independent of physical
habitat features. Additionally, not detecting a
chipmunk at a predicted siJitable site does not
mean the site is unoccupied. Documenting
occurrence of a species in predicted suitable
habitat without long-term survey is an acknowledged difficulty (Edwards et al. 1996, Karl et al.

2002). As a result, it is important to assess
habitat at several scales when attempting to
describe siJitable habitat as discussed in detail
in Scott et al. (2002).
Our work differs from other studies because
we relied on visual detections as opposed to
sampling with traps (Dueser and Shugart 1978,
Kitchings and Levy 1981, Bowers 1995, Sullivan 1996). We made that decision based on
personal experience with trapping (M. Bogan;
U.S. Geological Survey, personal communication, 2000; B. Thompson personal observation)
and prior indication that the Organ Mountains
chipmunk occurs where it is difficult to trap
chipmunks safely (New Mexico Natural Her~
itage Program unpublished data). We acknowl~
edge that some of our study sites could have
contained undetected chipmunks. However,
we prelimin~y evaluated trapping for detection of Colorado chipmunks during 2 days of
trapping (afternoon of day 1 through afternoon
of day 3) with 30 traps set in an area with
known chipmunk presence. That trapping effort
captured only 1 of 4 chipmunks that we visually detected in the area. Further, we visually/
audibly detected chipmunks on every occasion during multiple visits to 10 sites that contained chipmunks. All but 2 of the chipmunks
we recorded on our randomly selected study
sites Were detected within 20 minutes. The
other 2 chipmunks were detected within 25
minutes while we conducted vegetation measurements. Thus, we believe our detection
process was sufficient for purposes of this
research.
We detected more chipmunks at previously
known locations surveyed in the Oscura Moun~
tains than in the Organ Mountains. This dif~
ference may relate to detection of chipmunks
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along roads in the Oscura Mountains, whereas
the Organ Mountains had no road accessible
to us. Considerably more h:iking was needed
to teach sites m the Organ Mountains than in
the Oscura Mountains, thus altering condi~
tions for making detections and reducing
overall opportunity for detection in different
areas.
Chipmunks were detected at a wider range
of eleva,tions than previously reported in the
Organ Mountains (1845=2225 m; Patterson
1980a). In the Oscura Mountains, chipmunks
were not restricted to northwest-facing slopes
as reported by Sullivan and Smartt (unpublished field data 1990) or associated only with
north, northwest, or northeast slopes as indi~
cated by previous surveys (Sullivan unpublished field data).
Our logistic regression models can be used
to explain microhabitat differences between
sites where chipmunks were or were not detected but were predicted as suitable habitat.
In the Organ Mountains, model-predicted suitable sites where chipmunks were not detected
had greater grass cover, less litter, and an absence of logs compared with sites where chip~
munks were detected. These differences indicate that perhaps there Was too much cover at
these sites. In the Organ Mountains, 68% of
the plots had high grass cover (>80%), whereas
in the Oscura Mountains only 34% of the plots
had high grass cover. tt has been shown fot
chipmunks that "dense undergrowth inhibits
the flow of visual signals across the communication channel" (Svendsen andYahner 1979).
In the Oscura Mountains, at all model-predicted suitable sites where a chipmunk Was
detected, rocks and logs were present, and the
sites had greater density of trees. At the 16
predicted~suitable sites in which a chipmunk
was not detected (based on GIS model), 44%
had a rock outcrop, 25% had logs present, and
13% had both features. This illustra,tes the
importance of rocks and logs as cover in the
Oscura Mountains. Rocks, logs, shrubs, and
trees provide cover for chipmunks and play
different roles in predictive models depending
on their dispersion at sampled sites. Chipmunks
dig burrows under rocks and logs (Svendsen
and Yahner 1979). Because rocks were present
at most sites in the Organ Mountains, shrub
cover and ptesence of logs may not be as important there as in the Oscltra Mountains, where
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chipmunks appear to use a combination of these
3 microsite features.
The scale at which we measured vegetation
variables is the scale at which vegetation mana,gement usually is applied, and habitat models
developed at this scale can be incorporated
into habitat management plans (Block et al.
1998). The GIS layers that we used are at a
scale different from the vegetation variables,
although both are important in developing
management plans. This allowed us to examme factors related to why chipmunks may not
be present at some of the predicted-suitable
sites. It also allowed us to obtain a more accurate description of chipmunk habitat. As more
spatially and thematically resolved GIS information becomes available, the predictive
model can be updated to enhance future prediction of habitat of chipmunks.
IMPLICATIONS

Our research revealed different environmental variables likely to influence distribution of
Colorado chipmunks in .2 mountain ranges in
southern New Mexico. These areas involve 2
distinct subspecies (pa,tterson 1980a, Sullivan
1996) that use different microhabitat configurations. This difference in variables signals
future researchers to be cautious in extending
habitat features to taxa that occur in different
vegetation types, mountain ranges, or geographic regions. Although some researchers (e.g.,
Kitchings and Levy 1981) repeated a, study
elsewhere and found similar results, extrapolation of habitat features among areas must be
done ca,utiously.
Variation in importance of variables in the
different mountain ranges indicates that different management strategies may be needed.
Sensitivities of each population of Colorado
chipmunks to natural and prescribed fire need
to be considered, The Organ Mountains chipmunk may have an affinity for habitats that
have been burned (New Mexico Namral Herita,ge Program; unpublished data, 1998). After
a bum, shrub, herbaceous, and grgss cover are
reduced. Fires in the Organ Mountains may
be important and necessary to survival of chip~
mUMS by producing desirable grass and shrub
cover. In the Oscura Mountains, fire may have
a different effect on the population because
occurrence of chipmunks increases with increasing herbaceous and shrub cover. Partial
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burnings of areas inhabited by Colorado chip~
munks in southern New Mexico may be a beneficial management experiment to help avoid
destructive fires that might sweep extensive
parts of'a mountain range.
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POPULATION STRUCTURE AND PATERNITY IN
AN AMERICAN BLACK BEAR (URSUS AMERlCANUS)
POPULATION USING MICROSATELLITE DNA
Elizabeth A. Sinclairl ,2, Hal L. Black!, and Keith A. Crandalll
ABSTRACT.-We report genetic microsateilite data from analysis of 71 Amelican black bears (Ursus americanus) from
the East Tavaputs Plateau in eastern Utah. Heterozygosity was 52.9%, which is lower than other mainland North Ameli"
can populations and possibly reflects low recruitment into the study area. We used a combination of known pedigrees
(mother/cubs), relatedness estimates, and paternity estimation using CERVUS to infer single and possible multiple
paternity within litters, breeding by pairs over consecutive years, and the possibility of a single male successfully breed~
ing with multiple females in a single year. Estimates of inbreeding effective population size indicate the East Tavaputs
Plateau population is part ofa larger black bear population.

Key words: black bear; Ursus amelicanus, microsatellites, pedigree, home range, relatedness, paternity, Utah.

Long-term ecological studies of single pop~
ulations can yield valuable information on the
demographics of a species. This information is
very powerful, particularly when combined
with genetic analyses. Although social structure has been examined in many species, it
has generally been restricted to social insects
and small mammals (e.g., Crozier et al. 1984,
Dallas et al. 1995). Social structure is rarelyexamined in solit::lly species such as large mammals, since collection of adequate data is cli:fficult, requiring extended periods of time.
The American black bear (Ursus americanus)
has a widespread distribution across North
America from northern Mexico to Canada and
Alaska (Rogers 1999). Habitat loss, hunting, and
nutritional deficiencies limit U americanus
populations to a portion of their former range
(Rogers 1987). Studies of home ranges and
dispersal have been carried out using trapping
and radio-tracking (e.g., Amstrup and Beecham
1916, Young and Ruff 1982, Homer and Powell
1990). Estimates for home ranges vary greatly
among studies (8-1721 km2 ; summarized in
Wooding and Hardisky 1994), which may be
influenced by habitat quality (food distribution),
climate, topology, and density (Amstrup and
Beecham 1976). However, males generally have
larger home ranges and move greater distances
than females (Rogers 1987, Smith and Pelton
1990).

Few long-term studies have examined the
stability of home ranges in U americanus, although Amstrup and Beecham (1976) found
well-defined, stable home ranges over 2 consecutive years. If home ranges are relatively
stable over time, then we might expect to see
large, dominant males forming long-term relationships with particular females and/or father~
ing litters over consecutive years with those
females whose ranges they overlap. Lindzey
and Meslow (1971) suggest that in. U americanus there are some male-female bonds that
last at least 2-3 years. However, both male and
female bears are reported as being promiscuous (Rogers 1987). Field observations have
noted females mating with several males iIi
both U americanus (Barber and Lindzey 1986,
Rogers 1987) and grizzly bears (U arctos; see
Craighead et al. 1995). Given these observations, a 2nd prediction is that multiple paternity
could occur within litters. Schenk and Kovacs
(1995) found evidence for multiple paternity
in a Canadian population of U americanus. One
male was identified as the father of cubs from
2 litters in a single year. Craighead et al. (1995)
found strong evidence for multiple paternity
within a litter of U arctos from northwestern
Alaska.
In mammals, males show a greater tendency
than females for movement from birthplace to
initial breeding location (Greenwood·1980).
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Female U americanus are philopatric, with
young females making their own home ranges
as extensions of their mothers (Garshelis and
Pelton 1981, Rogers 1987). Adult male aggres~
sion directed toward subadult males may result
in their eviction, and hence force dispersal
(Bunnell and ':fait 1981). Young and Ruff (1982)
suggest that this is instigated or controlled by
the adult male bears as observed in low cub/
yearlinglsubadult survival, rather than in the
number of cubs born. Given this behavior, one
would predict a high negative correlation be~
tween degree of relatedness among females
and geographic distance from natal home range,
although Schenk et al. (1998) found no relationship between spatial proximity and average genetic relatedness in their study of a
Canadian population of U americanus.
We examined microsatellite DNA variation
in a single population of U americanus from
the East Tavaputs Plateau of eastern Utah. this
population experiences high levels of hunting
pressure, with the largest mean number of
hunting permits issued and the 2nd largest
number of permits filled in the state annually
(Blackwell and Evans 1997). Microsatellite DNA
loci are highly variable, co~dominant markers,
allowing identification of paternal alleles (Craighead et al. 1995, Keane et al. 1997) and unique
multilocus genotypes for individuals (Paetkau
and Strobeck 1994, Taberlet et al. 1997). Our
objectives were to (1) test for a significant relationslp.p between degree of relatedness and geographic distance from the natal home range in
females;.(2) assign paternity and hence look for
evidence of multiple paternity within litters,
males fathering more than 1 litter in a single
year, and males fathering cubs with the same
female over consecutive years; and (3) estimate
the inbreeding effective population size to provide information on the size of this population.
MATERIALS AND METHODS

Study Area
The study area is located on the East Tavaputs Plateau (39°27'N, 109°15'W) approximately 100 km south ofVernal (Fig. 1). It covers
approximately 430 km2. The topography con~
sists of a series of ridgetops and canyons with
elevation ranging from 2190 m to 2520 m. Mean
annual precipitation (mostly in the form of
snow) is 49 em. The study area is managed for a
variety of uses including natural gas harvest-
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Fig. 1. Location of the East Tavaputs Plateau study site
in eastern Utah.

ing, cattle ranching, logging, recreational camping, and sport hunting.
Sampling
Samples were obtained between 1991 and
1999 as part of a long~term population study
by H.L. Black (unpublished). The samples include mothers with cubs-of-the-year or yearlings and individuals trapped during the summer. Mothers with radio-collars and their cubs
or yearlings were sampled at den sites during
winter. During summer, individuals were livecaptured using 57~cm barrel traps. All bears
except cubs were immobilized with a 2:1 mixture of ketarnine hydrochlOride and xylazine
hydrochloride administered at 6.6 mg . kg-I
body weight intramuscularly with a jab~stick.
After immobilization, fresh blood or ear tissue
was collected from adults and ear tissue from
the cubs. Ear tissue was stored in 100% ethanol
and fresh blood was collected in heparinized
tubes and frozen. We extracted DNA from these
samples using standard phenol/chloroform extraction, precipitated in isopropanol and stored
in 50 [lL TLE buffer (Sambrook et al. 1989).
Microsatellite Amplification
Microsatellite primers for 7 loci were obtained for U americanus from Paetkau et al.
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(1995). These primers were designed for U
americanus, but also amplify in other ursids
(Craighead et al. 1995, Paetkau et al. 1995,
Taberlet et al. 1997). Microsatellite loci were
amplified via the polymerase chain reaction
(PCR). Reactions contained 2.5 fLL lOX PCR
buffer containing MgCl2 (Perkin Elmer), 2.5 fLL
8 mM dNTPs (Perkin Elmer), 1.0 fLL 10 fLM
each primer, 1 fLL template DNA, 0.3 fLL
Amplitaq Gold (Perkin Elmer), and water to 25
fLL. :Reactions were carried out in a 9600
Perkin Elmer thermal cycler for an initial 12
minutes denaturation at 95°C, followed by 15
seconds at 94°C, 30 seconds at 49°C-51°C, 45
seconds at noc for 40 cycles, and a final ex~
tension for 5 minutes at 72°C. Primers were
end~labeledwith fluorescent dyes (TET, 6-FAM,
or HEX). Products were run on an ABI 377
and scored using the program ABI Genotyper
version 2.5. The internal size standard Tamra500
was used to calculate allele sizes.
Genetic Analyses
Variation at the 7 microsatellite loci was summarized by allele frequencies and observed
and expected heterozygosities. Hardy-Weinberg equilibrium was assessed by Markov chain
permutations using the program GENEPOP
(Raymond and Rousett 1995). Parentage and
relatedness analyses assume that all loci are
independent (not linked). Since the loci used
in this study have not been mapped onto chro~
mosomes, we tested for genotypic disequilib.
rium among pairs of loci in GENEPOP. We
applied a Bonferroni correction for multiple
tests.
To examine the relationship between geo~
graphic distance and relatedness arrlOng females,
we used home range data (H.L. Black unpublished data) and pairwise relatedness values
from 16 females. This subset included adults
with established home ranges and 2 female
offspring that had grown up and estabUshed
their own home ranges during this study.
Females were monitored for 3 to 9 years (:rp.ean
= 5.8). The number of telemetry locations
recorded for each individual varied from 15 to
92 (mean = 47.6). We generated ~inj.w-um
convex polygons to estimate home ranges using
all data points (Kie et al. 1994), as there were
few locations collected in some years. Spatial
means were calculated where Xmc' Ymc = (2:
~IN, L YiIN), Xmc and Ymc are mean coordinates of the mean center; ~ and Yi are the
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coordinates for each data point, and N is the
number of data points. Pairwise distances were
measured between these mean coordinates. We
compared matrices for pairwise geographic
distance versus allele~sharing distances (Bowcock et al. 1994). We chose this method over
other more traditional distance measUres that
are usually used to compare populations and
not individual pairwise distances (see Paetkau
et al. 1997 for an evaluation of distance measures, e.g., Paetkau et al. 1998). The allele~
sharing distance was defined as 1 minus half the
average number of shared alleles per locus.
Allele-sharing distances were calculated using
the individual to individual genetic distance
calculator available at http://www.biology.ualberta.ca/jbrzusto/. Pairwise allele~sharing dis~
tances were plotted against the geographical
distance and regression statistics generated in
Excel (Microsoft Corporation).
The Windows-based computer program
CERVUS was used to derive likelihood ratios
for paternity inference (Marshall et al. 1998). A
simulation of parentage analysis Was run to
estimate the resolving power of the 7 loci, based.
on their allele frequencies, and to estimate the
critical values of the log~likelihood statistic
delta (~). This statistic took into account the
number of candidate males, the proportion of
males that were sampled, and gaps and errors
in the genetic data (Marshall et al. 1998). Data
from a total of 10,000 simulations were used to
determine significance. The follOwing para,me.
ters were set: number of candidate males =
15, proportion of candidate males sampled =
0.25, proportion of loci typed = 0.95, and
error rate = 0.001. We estimated the proportion
of candidate males based on the total number
of males handled during this study (n ;=: 60)
and complete genotypes for 15 of these males
that could be potential fathers; we assumed
that not all males were trapped/sampled during our study. The paternity analysis compared
genotypes of candidate parents (males) to the
offspring genotypes (taking into account the
genotype of the known parent: the mother).
Candidate males were excluded based on 1 or
more allelic mismatches. Males that were 5
years of age or older at the proposed time of
conception were considered to be candidate
fathers.
Pairwise relatedness estimates were generated using the program Kinship v1.2 (Goodnight and Queller 1999). We assumed parent~
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TABLE 1. Aliele frequencies and observed and expected heterozygosites for the U americanu8 population in the East
Tavaputs Plateau. Significant deficits (P < 0.01) of heterozygotes from H"W expected values indicated by *. Allele
names are listed by size in base pairs. Sample sizes are given in parentheses.
Alleles/Frequencies

Locus
GIA
(66)
GlD
(71)
GlOB
(71)
G10C
(70)
G10L
(69)
GlOM
(65)

GlOP
(60)

182
0.053
172
0.070
160
0.655

138
0.261

143
0.188
194
0.146
169
0.733

184
0.Ql5
174
0.12'/
16.2
0.014
95
0.007
148
0.15.2
196
0.269
171
0.008

186
0.621
176
0.493
164
0.014
97
0.514
158
0.007
198
0.539
173
0.125

188
0.288
180
0.056
166
0.289
101
0.479
162
0.333
200
0.008
175
0.0'/5

x

s"
offspring pairs and full siblings were related
by 0.5 (as they share half of their genes on
average), half siblings by 0.25, and unrelated
individuals by 0.0 in a randoinly mating popu~
lation (Hamilton 1964a, 1964b). These values
were used to support potential relationships
ainong pairs of individuals when a candidate
father was not identified.
Effective population size (Ne) was esti~
mated from heterozygosity (B) and the mutation rate (Ii), given that heterozygosity has
been estimated for this U americanus popula~
lion. We used a mutation rate of .2 x 10-3
(Craighead et al. 1995), based on estimates for
grizzly bears. At mutation-drift equilibrium,
under an infinite allele model (lAM), H == 4Ne
1i/(1 + 4Ne f.l) (Crow and Kimura 1970). For a
stepwise mutation model (SMM), H == 1-(1 +
8Ne f.l)-1/2 (Ohta and Kimura 1973). We used
both models to obtain a range for our N e esti~
mate since the true model of mutation for
most microsatellite loci is probably some~
where in between (see two-phase model [TPM]
ofDi Rienzo et al. [1994]).
RESULTS
Seventy-one U americanus individuals, 35
females and 36 males, were genotyped for '7
microsatellite loci. This included 19 males that
had reached breeding age (greater than 5 years
old) by the end of this study and 33 cubs with

196
0.023
184
0.254
168
0.028

164
0.Ql5
202
0.039
179
0.058

170
0.036

172
0.007

He

Ho

0.532

0.561

0.673

0.620

0.490

0.366*

0.510

0.571

0.766

0.768

0.619

0.431*

0.441

0.383

0.576
0.043

0.529
0.053

mown maternity, of which 1 had reached sexual maturity and produced 3 litters of her own.
Eighteen mother/cub. groups with litter sizes
of between 1 and 4 cubs were genotyped, wIth
8 of these coritaining 2 or more cubs. There
was a mean of 5.1 alleles per locus and an
observed heterozygosity of 52.9% across the
sampled population (Table 1). All individuals
had unique multilocus genotypes. Five of the 7
loci were in Hardy-Weinberg equilibrium (GlA,
GID, GI0C, GI0L, and GlOP). Significant deficits of heterozygotes were observed at GlOB
and GlOM (P < 0.01 after a sequential Bonferoni correction). There was no evidence for
genotypic disequilibrium (Table 2), indicating
an assumption of independence of loci was
valid. On only 1 occasion did the maternal
genotype not match with her cub; the mother
was 173/173 (locus GlOP) and her cub was
169/169. Since tissue samples were collected
from cubs at the den sites during winter, this
mismatch may be a mutation of at least 1 allele
at this locus, rather than an adoption of a cub
by this female.
There was no significant relationship between allele~sharing distances and geographic
distance for pairwise. comparisons among 16
females (r2 = 0.0019, P = 0.6286). Mean relatedness across the whole sample was slightly
negative, -0.013 ± 0.306, but close to 0 as expected in a randomly mating population. Mean
pairwise relatedness estimates for mown full
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TABLE 2. Genotype linkage disequilibrium in U americanus. P is significant at 0.0024 after a sequential Bonfer-

roni correction.
Locus 1

Locus 2

P-value

Sx

GlA
GlA
GlD
GlA
GlD
GlOB.
GIA
GlD
GlOB
GIOe
GIA
GlD
GlOB
GIOe
GIOL
GlA
GlD
GlOB
GIOe
GIOL
GlOM

GlD
GlOB
GlOB
GlOC
GIOC
GIOC
GIOL
GIOL
GIOL
GIOL
GlOM
GlOM
GlOM
GlOM
GlOM
GlOP
GlOP
GlOP
GlOP
GlOP
GlOP

0.3542
0.2970
0.8891
0.1169
0.3699
0.3389
0.2920
0.4764
0.2735
0.0046
0.4012
0.4621
0.5072
0.1448
0.3165
0.7286
0.4083
0.278.
0.9065
0.0666
0.8058

0.030
0.025
0.018
0.010
0.019
0.019
0.029
0.037
0.033
0.002
0.028
0.032
0.031
0.010
0.032
0.027
0.028
0.027
0.008
0.014
0.019

siblings and mother/cub sets were also as
expected (n = 17, 0.453 ± 0.113 and n = 21,
0.553 ± 0.212, respectively). Relatedness among
known half siblings was also close to expected
(n = 11, 0.184 ± 0.283) despite the difficulty in
positively identifying this relationship from
our data set.
Results from the simulation study (CERVUS)
indicated we would obtain poor paternity iden~
tification (Table 3). No fathers were identified
at the strict level (95%) and only 1 was signi£i~
cant at the 80% confidence level. This provides some support for multiple paternity since
this male was not identified as the father of
the 2nd cub from the same litter. The relatedness estimate for these cubs was 0.200, close
to that expected for half siblings. However, the
hypothetical paternal genotype for this litter
indicated that a single male could be responsi~
ble for the litter (a maximum of 2 alleles per
locus were required).
Given that, at most, we have sampled only
1 father of cubs genotyped in this study, we
make several observations relating to paternity.
These observations are based on the number
of paternal alleles required to explain paternity
in a litter and relatedness estimates. There were
3 females for which we genotyped 3 litters. In
each case, 3 paternal alleles were required to
explain the cub genotypes at locus GI0L (2 lit-
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ters), GID (1 litter), and GIA (1 litter), imply~
ing different fathers for litters in different
years. There was also evidence for successful
matings with the same male over consecutive
litters: female #27 (Fig. 2) and cubs #151
(born 1997) and #185 (born 1999) had a relatedness value of 0.518 (P < 0.05) and less than
3 alleles were required to explain the hypothetical paternal genotype. Evidence exists for
a single, unsampled male fathering litters from
3 different females in 1997. This was based on
the paternal genotype requiring only 2 alleles
per locus to explain the cub genotypes and
their relatedness at the full sibling level (range
= 0.499-0.773, P < 0.05). These females have
either overlapping or geographically close home
ranges, so it is possible that the putative father
could have successfully mated with all 3 females.
We were unable to obtain a complete genotype for a mother of 3 cubs from the same litter. However, it appears likely that more than
1 male fathered these cubs based on their
relatednessvfllues (#52 with #53 and #54 =
0.215 and 0.019, respectively, and #53 with
#54 = 0.845).
DISCUSSION

Amplification of U americanus DNA using
microsatellites has shown that we can uniquely
identify individuals (including full siblings) and
has shown the inheritance of alleles through
known pedigrees. Levels of variation (allelic
diversity and heterozygosity) for the East Tava~
puts Plateau population ~re iIitermediate to
those given for other U americanus populations. Estimates for 2 mainland Canadian populations, West Slopes, British Columbia (9.5;
81%), and La Mauricie National Park, Quebec
(8.6; 82%), were much higher; an isolated
Louisiana population (3.8; 47.4%; Boersen et al.
2003) and the island population on Newfollndland (4.0; 41%) had considerably lo~er levels
of variation (summarized in Paetkau, et hI. 1997).
The lower number of alleles per locus and
heterozygosity in the East Tavaputs PI~teau,
compared to other sampled populations of U
americanus, may be indicative of a higher
level of inbreeding or mortfllity. Habitat that
provides food resources for black bears is mar~
ginal in years of drought and/or when late
spring freezes destroy hard and soft mast
crops (Tolman 1998). This occurred in the
summer of 1995 and again in 2000, resulting
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TABLE 3. Critical scores and number of black bear paternity tests predicted to be resolved by simulation using the
program CERVUS. Results for relaxed (80%) and strict (95%) confidence are shown, along with the proportion of pater~
nity tests in which a male fulfilled the required criterion.
Mother unsampled

Mother sampled

Simulation
(N= 10,000)
Critical value of !:l
Proportion of paternities

80%

95%

80%

95%

2.46

4.16
1.0%

2.90
7.0%

4.70
1.0%

15.0%

paternal alleles'"

#13 (b. 1987)

184/186 or 188

186/188
184/184
160/160
97/101
148/148

1761?
160/166
lOll?

1j81?

?I?

?I?

169/173

169/169

o

DI~--r-="
p~tei:'nal

alleles*

#27 (b.1991)

#47 (b.1993)

186/186
176/184
160/166
97/1ih
1jS/148
194/196
16~/19j

186/188
176/184
160/160
101/101
13S/148
194/196
169/169

182/186/196
184/1
160/1

971?
143/162
196/198

1691?

#112 (b.1995)
186/196
184/184
160/166
97/97
143/148
194/198
169/173

#151 (b.1997)

184/186
176/184
160/160
97/101
138/148
194/196
169/169

#49 (b.1993)
186/188
176/184
160/166
101/101
1jS/148
194/198
169/169

#185 (b.1999)
186/186
176/184
160/160
97/97
138/162
194/198
169/169 '

182/186
184/184
160/166
97/97
1jS/162
194/196
169/169

*It is pos!Jible that the saine iunknown

#48 (b. 1993)

fathe~'

may be responsible for both the

However, at least two males are responsible for the three litters

o~

~991

and 1993 litters of female #13.

#27.

Fig. 2. Pedigree for mother/cubs for female #13. Genotypes are given for loci in the follOwing order: GlA, GID,
GlOB, GI0C, GI0L, GlOM, and GlOP.

in poor survival of cubs and perhaps yearlings
(Tolman personal observation). Cub mortality
was high throughout this study, ranging between 43% and 75%, and there was a signifi~
cant male-biased sex ratio (Tolman 1998). The
genetic estimate of effective population size
estimated under the lAM was 142 and 222
under the SMM. Given that the relationship
between N e and N is usually close to 0.1 for
large mammals and that the total number of
animals sampled from this population during
our study period is less than 200, we suggest
that it is part of a wider, more continuous U

americanus population which extends further
north in Utah and east across the Colorado
border. We have .2 records of marked bears
from the East Tavaputs Plateau being captured in Colorado, moving approximate dis~
tances of 70 and 320 km. These observations
indicate that animals in our study area are part
of a larger and more wide-ranging population,
and hence managers need to make and imple"
ment decisions for a larger geographic area.
The deviation of 2 loci (GlOB and GlOM)
from Hardy-Weinberg equilibrium may be due
to null alleles (Foltz 1986, Callen et al. 1993).

_
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These are usually identified when a population is out of Hardy-Weinberg equilibrium or
when genotypes in !mown pedigrees are in~
correct. All except 1 of our pedigrees were
correct (see above). An alternative explanation
for a deviation from Hardy~Weinberg equilibrium at the 2 loci may be that the assumption
of random mating is not being met, or that
there is a low level of inbreeding (supported
by lower overall heterozygosity).
Home range data from radio"collared females
indicated that, although there may be some
seasonal shift in home ranges, they have remained stable over the past 9 years. In years
of low food supply, several females temporarily left their traditional home ranges to feed on
localized mast crops (H.L. Black personal observation). Given that U americanus females
are philopatric, we expected the relationship
between geographic distance and genetic relatedness to hold true. However, this was not
the case. The low number of females used in
this comparison (n = 16) and limited geographic range over which this analysis was
performed may have obscured the true relationship. Our measure of geographic distance
did not take into account the topographical
features, which may also interfere with this relationship. However, a similar result was also
obtained by Schenk et al. (1998), indicating
that home range overlap is not restricted to
closely related females. The nonsignificant result suggests that factors such as the availability of home ranges (created by the death of an
adult female) and food (within the ranges) may
have a greater influence in the population
structure.
The CERVUS analysis was able to assign
paternity in a single case at the relaxed 80%
confidence level. Schenk and Kovacs (1995)
also had a very low rate of paternity assignment (n == 36 males). The lack of paternity
assignments in both studies may be due to
large, older adult males in the population not
having been sampled or having been subsequently removed by hunters or other sources
of mortality. The use of larger barrel traps in
the future may enable these larger males to be
sampled. Many of the males sampled and
genotyped during this study were probably
too young to have fathered cubs. The only
potential father identified in the Schenk and
Kovacs (1995) study was 15 years old, while in
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our study, the candidate father would have
been only 6 years old at the time of conception. All of our 15 candidate males were between 5 and 9 years old in 1999 (the last year
we genotyped cubs). In a paternity study of
grizzly bears, Craighead et al. (1995) concluded that 49% ofbreeding-age males greater
than 9 years old were successful breeders (and
none younger), and multiple paternity was
assigned in one~third of !mown litters with 2
or more cubs. If it is the older males being
more reproductively successful, then it is not
surprising that we were unable to obtain higher
paternity assignment in this study.
Genetic variation can be used to interpret
biological patterns at many different levels.
Here we examined microgeographic variation
in relation to paternity, home ranges, and
genetic relatedness among individuals, using
heritable markers. The combination of analyses using genetic markers with environmental
and behavioral parameters can be a powerful
approach, particularly in understanding popu~
lation structure for wildlife management. In
conclusion, we were able to obtain information on the inheritance of microsatellite alleles
through examining data over several generations. Given the breeding structure in U american11S, it is expected th~t multiple paternity does
occur. We were ~ble to identifY only 1 father.
Evidence for multiple paternity from this data
set was based on the number of paternal alleles required to explain cub genotypes and
relatedness estimates. Further sampling of this
population to include older males (maintaining home ranges within the study area) should
help in assigning paternity. It will also provide
evidence on whether a dominant male, whose
home range overlaps several females, usually
fathers cubs within his range with more than 1
female in a year and whether he fathers consecutive litters with the same female(s).
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EFFECTS OF DOUGLAS~FIRBEETLE (COLEOPTERA: SCOLYTIDAE)
INFESTATIONS ON FOREST OVERSTORY AND
UNDERSTORY CONDITIONS IN WESTERN WYOMING
Joel D. McMillinI ,2 and Kurt K. AlienI
ABsTRAcr.-Douglas-fir beetle (Dendroctonus pseudotsugae Hopk.) infestations frequently result from disturbance
events that create large volumes of weakened Douglas~fir trees, Pseudotsuga menziesii (Mirb.) Franco. Previous research
has focused on determining susceptibility of forest stands to Douglas-fir beetle and predicting the amount of tree mortality from Douglas-fir beetle infestations following disturbance events. Little work has been done on consequent changes
in the forest overstory and understory. In the early 1990s, populations of Douglas-fir beetle increased in fire-scorched
trees, subsequently infesting undamaged neighboring stands in the Rocky Mountains of western Wyoming, USA. In
1999 transect sampling and 25 pairs of previously infested and uninfested plots were used to quantify changes in forest
stand conditions and ensuing responses in the understory caused by Douglas-fir beetle infestations. Significant effects of
the Douglas-fir beetle infestation comprised 3 general categories: (1) overstory effects: basal area was reduced by
400/0-'10%, average tree diameter decreased by 80/0-40%, and the Douglas-fir component of the overstory decreased by
more than 12%; (2) regeneration effects: conifer seedling regeneration increased nearly fourfold in infested plots and
90% of the regeneration was Douglas-fir; (3) understory effects: understory vegetation (forbs, grass, and shrubs) had a
threefold increase in infested compared with uninfested plots. In addition, basal area of Douglas-fir killed by the Douglasfir beetle was significantly correlated with initial Douglas-fir basal area and percentage of Douglas-fir, but not with
stand density index, tree diameter, or trees per hectare. Significant inverse relationships also were found between postinfestation basal area and abundance of forbs, grass, and shrubs, and understory height. Thus, we found that Douglas-fir
beetle infestations cause significant short-term effects in both the overstory and understory and contribute to an altered
mosaic in forest structure.

Key words: Dendroctonus pseudotsugae, bark beetles, Scolytidae, insect impact, forest dynamics.

The Douglas-fir beetle, Dendroctonus pseu~
dotsugae Hopk., infests and kills Douglas-fir,
Pseudotsuga menziesii (Mirb.) Franco, throughout its range in North America. Typically, the
beetle reproduces in scattered trees that are
highly stressed or recently killed, such as windfall, defoliated, or fire-scorched trees (Furniss
1962, 1965, Lessard and Schmid 1990). If
enough suitable host material is present, beetles
can increase in stressed trees and infest nearby
healthy ones (Furniss et al. 1981). Previous research on Douglas-fir beetle infestations has
examined forest stand and site characteristics
associated with infestations (Furniss et al. 1919,
1981, Weatherby and Thier 1993, Negron 1998,
Shore et al. 1999) and developed models to predict the extent of tree mortality (Negron et al.
1999). However, there is a paucity of research
concerning subsequent changes to the forest
overstory and understory and forest dynamics
(Hadley and Veblen 1993, Schmid and Mata
1996).

Fires that started in Yellowstone National
Park in 1988 burned onto the Clarks Fork
Ranger District of the Shoshone National Forest, Wyoming, killing and scorching a large
number of trees. Populations of the Douglasfir beetle increased in scorched trees and
began .attacking neighboring green trees in
subsequent years throughout this area (Pasek
1990). Similar events took place within Yellowstone National Park (Rasmussen et al. 1996).
During the Douglas~fir beetle infestation in
the Shoshone National Forest, an estimated
23,000 trees were killed over a 1-year period
(USDA Forest Service, Forest Health Monitoring aerial surveys, 1992r-1998). Additional
mortality has occurred in this area since it was
last surveyed to detect changes in beetle populations (Pasek 1990, 1991, 1996, Pasek and
Schaupp 1992, 1995, Schaupp and Pasek 1993,
1995, Allen and Pasek 1996) and to develop a
predictive mortality model (Negron et al. 1999).
Moreover, previou~ surveys did not quantify

lUSDA Forest Service, Forest Health Managemen~ Rapid City, SD 57702.

2Corrcsponding author.
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changes in the level of tree cover, tree species
composition, size classes of residual trees, and
changes in the understory. To predict the effects
of insect outbreaks on shaping future forest
conditions, we find it critical to document
changes occurring in both the overstory and
understory based on recent outbreaks.
The overall objective of this study was to
determine the effect of Douglas-fir beetle on
both the over- and understory of Douglas~fir
stands in the Shoshone National Forest. Spe~
cillc objectives were to (1) describe the effects
of Douglas-fir beetle on tree species composition, basal area, and diameter on the Shoshone
National Forest; (2) document forest conditions
present in areas that have experienced high
levels of mortality over the past 10 years; and
(3) quantifY changes in the understory of infested Douglas-fir stands. These objectives are
of value not only to managers on the Shoshone
National Forest but also to other areas of the
northern and central Rockies where extensive
stands of Douglas-fir exist.

499

sampling through stands that were predominantly Douglas~fir and had experienced older
mortality (e.g., mortality that had occurred primarily 5 years or more before our 1999 study).
A 20-basal area factor (BAF) variable-radius
plot was installed every 10 chains (201.2 m) on
15 transects throughout these areas, totaling
153 plots. Transects were distributed at random
throughout the area of infestation and each
transect was contained within an individual
stand.
For all plots data were recorded on tree
species, diameter at breast height (dbh, cm),
crown class, crown condition/damages, and year
of Douglas-fir beetle attack. Other than Douglas~fir beetle-caused tree mortality, no other
causes of Douglas-fir mortality were observed
within the areas surveyed. Using this informa~
tion, we obtained basal area (m2 . ha-1) and stand
density index estimates. Information on percent slope, aspect, and other general site char",
acteristics was gleaned from earlier reports of
the area (Negron et al. 1999, We. Schaupp unpublished data). Using the following categories,
STUDY SITE
we recorded the year of attack: current-year
attack: green tree under attack, resin flow, and
The study was conducted in the drainages
fresh boring dust evident; l~year-old attack:
of Sunlight Creek and Clarks Fork River
(44°50'N, 109°30'W), adjacent to the eastern foliage fading but some green perhaps still
border of Yellowstone National Park, Wyoming. present, bark still hard and tight, galleries eviThese areas are characterized by predomi~ dent, and exit holes present; 2-year-old attack:
nantly pure stands of Douglas-fir and, to a most foliage missing, remaining foliage (if any)
lesser extent, by mixed stands consisting of orange, galleries still identifiable, small twigs
present, secondary wood borers may be pre~
Douglas~fir, Engelmann spruce (Picea engelmannii Parry), subalpine fir [Abies lasiocarpa sent but not abundant, and exit holes present;
(Hook) Nutt.], and lodgepole (Pinus cOntorta 3-year-old attack: all foliage gone but small
Dougl.), whitebark (P. albicaulis Engelm.), or twigs still present, bark loose, galleries hard to
limber pine (P. jlexilis James). Elevation in the find, burrowing secondary wood borers abunstudy area ranges from 1980 m to 2600 mas!. dant, and exit holes present; 4-year-old and
The most common habitat types for this area older attack: smaller twigs gone and exit holes
are Pseudotsuga menziesii / Symphoricarpus present (Negron 1998).
albus, P. menziesii / Physocarpus malvaceous,
Effect ofDouglas~fir Beetle
and P. menziesii / Calamagrostis rubescens
on tJnderstory Conditions
(Negron et al. 1999).
In addition to the transect-survey method
of evaluating beetle effect, we also took mea=
METHODS
surements at permanent plots established in
Effect of Douglas-fir Beetle on
the early 1990s. These plots were originally
Forest Overstory Conditions
established to develop hazard rating systems
To measUre the effects of Douglas-fir beetle and a prediction model for Douglas-fir beetle~
on forest stand conditions, we followed the caused mortality using pairs of infested and lindesign of McCambridge et al. (1982a) but in~ infested plots (Negron et al. 1999~ WC. Schaupp
cluded additional measurements as described unpublished data). The methods for plot inspec~
below. Measurements of forest conditions and tion follow those reported by Negr6n (1998),
Douglas-fir beetle effect were conducted using which resulted in infested and uninfested points
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being intermingled. Areas of infestation were
determined by aerial survey detection and
ground-based information. Infested plots were
then installed randomly in areas of mortality
in the stand. Uninfested plots were installed
in a random direction from the infested plots
in unaffected areas of the stand. Although
these plots were originally labeled uninfested,
we detected a limited amount of tree mortality
during our subsequent surveys. Plots were
separated by ~40 m and <100 m. Twenty-five
paired plots installed in 1992 and 1993 were
reexamined in 1999 throughout the Clarks Fork
and Sunlight Creek drainages. The objectives
of using these paired plots in the present study
were to quantify changes in the overstory and
understory as a result of Douglas-fir beetle
infestation and, in turn, to quantify changes in
forest structure that may be occurring.
At each plot location (20 BAF variableradius plot), we took overstory measurements
as described earlier for the transect surveys.
In addition, understory growth and abundance
were measured using the Canfield (1941) lineintercept method. The percentage of each
understory component (grass, forb, and shrub)
was calculated from total area (cm) of each
component along 3-m lines running northsouth and east-west from plot center. Understory height also was measured by recording
height of the understory at plot center and 3
m from plot center in each cardinal direction.
Species, number, and type of tree regeneration (saplings [2.54 :s; dbh <12.7 cm], seedlings [dbh <2.54 cm]) were measured using
3.59-m radius plots (0.004 ha).

iable means. Data were used also to calculate
coefficients of determination using simple linear regression analysis between post-infestation basal area and understory variables. Percent data in both the transect and paired-plot
studies were normalized by arcsine transformation prior to paired t-test and regression
analyses. Figures and tables both present original untransformed data. All statistical analyses
were conducted using Systat® software (Wilkinson 1991).
RESULTS

Effect of Douglas-fir Beetle on
Forest Overstory Conditions

Douglas-fir beetle infestations caused significant changes to forest conditions of the
areas studied (Tables 1, 2). Approximately twothirds of the mortality occurred more than 3
years before we began the study (Table 1), and
the greatest proportion probably occurred 5-8
years ago (Negr6n et al. 1999). Aerial surveys
within the area of interest detected a resurgence in Douglas-fir beetle-caused tree mortality in 1998. However, the amount of mortality was less than occurred in the early to mid1990s (USDA Forest Service, Forest Health
Management). Uninfested plots had sustained
basal area losses <3.0 m2 . ha-1 (5%) by 1999,
with most of this occurring in the previous 2
years (Table 2). This suggests that the Douglas-fir beetle may infest areas within stands
that are less preferred as suitable hosts and
within areas that are depleted.
Douglas-fir beetles caused significant reductions in the overstory of Douglas-fir stands.
Based on transect studies, we determined that
Data Analysis
the Douglas-fir beetle caused reductions in
Data collected from the transect portion of Douglas-fir basal area by more than 16 m 2 •
the study were used to quantify Douglas-fir ha-1 (46%), pre-outbreak basal area of all tree
beetle effects on stand conditions. We used species by 43%, and average stand diameter
transect means of the measured variables to by more than 2.5 cm (8%; Table 1). Using a subcompute linear regressions between stand sample of the plots reported in Negr6n et al.
characteristics and amount of basal area killed (1999), we found basal area was reduced nearly
by the Douglas-fir beetle. Transect means were 80% in infested plots compared with uninfested
used in regression analysis because they rep- plots (Table 2). Similarly, reduction in tree
resent average conditions for a given stand. diameter was greater using paired plots than
Summary statistics also provided a description the transect portion of the study. Post-outof stand conditions before and after Douglas- break tree diameters averaged 11 cm less in
fir beetle infestations.
infested than in uninfested plots.
Paired plots were used to quantify changes
Percentages of Douglas-fir stems in the stand
to the overstory and understory. Measurements and Douglas-fir basal area were important in
collected from infested and uninfested plot pairs determining the level of Douglas-fir beetle
were evaluated in paired-sample t tests of var- effect. Regressing basal area of Douglas-fir

~

o
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TABLE 1. Summmy of stand conditions and Douglas-fir beetle ·effect on stand conditions based' on transect sampling on the Shoshone National Forest, Wyoming, in 1999.
Basal area adlled by year of attack
Transect

BAa

DFBAb

TPHe

DBI-Id

1
2
3
4
5
6
7
8
9
iO

35.6
41,3
35;6
39,0'
42.5
39.8
31.0
36,7
42,5
36.5
36.3
33.0
39.8
29;6
36,3
37.0
1.0

20.6
40,2

274.6
276.9
289.7
384,!!.
254,7
265.8
287.6
537.9
440,2
448,3
502.4
305.5
659.7
360.4
334.9

42,9
43.4
39.4
36.6
40,6
44,7

11
12
13
14
i5
Mean
'Sx

nAverage pre-outbreakbasal area (m2

31.5
35,6
40;2
39.0
29.8 _
37,4
42,5
36.5
34.4
33.l!
39.0
25,0'
34.2

34.6
1.5
• hn~l)

374.8
30.0

36.6
30;2
35;6
32,0
27,9
35.3
27.7
33.0
37.4

36.2
1.3

SD[e
103.3
106.1
94.8
l!11.7
87.7
106.6
83.5
115,2
122,3
105.2
94.8
83.9
l!22,7
88.9
100.7
101.8

3,2

LiveIDBW

%DFg

Cyh

1 yr

2yr

3 yr

4yr+

Total

44.2
33.8
35,!L
35.6
37.1
40.9
31,2
28.2
37.1
29.2
24.6
33,8
26.9
32.3
33.8

58.1
97,2
87.0
92.4
94.3
98,!!.
92.3
100.0
l!00;0
J:OO,O
96.2
100,0
98.l!
84,2
94.4

0,0
4.6
2.8
2.3
VI.
1.9
1.2
1,2
4.6
4.0
2.3
4,6
2.7
0$

0.0
0.6
0.0
4,0
2,3
1.1
0.0
1.7
4;0
0,6

0,0
2.9
0;0

0.0
4,0

0.0
10.9
9;2

0,00
23.1
12.6
16,7
26.4
17,2
13.8
14.4
3l!;6

33.5
1.2

92.8
2,7

2.3
0.4

1;1

1.4

1.7
4.6
2.7
2,3
1.7
0;6
1.5
3,2
2.8

0.5
0.4
0,0
2.3

0.3
2.9

1.3

1.9

0,3

0.3

1.1

0.6
2.3
8.0
5.4
2.3

1.4
2.3
3.8
4.!L
2.3
0;0
1,8
2.3

2,7
0.5

6.3
10,3
6.1
8,0
8.3
20.1
7,5
5.5
3.7
6,5
i.8
7.5

17.4
16.5
13,8
!!.0;7
4.4
l!6.1

7.5
1.1

15.6
1.9

tJ

0

c::
0
&:V>
I

....l:d'"'i
to
tr:1
tr:1

~

~

:;J

tr:1

...,()
V>

found for all points in the transect

bAverage Douglas-fir basal area (012 • ha-I)
CTrees pcr hectare

dDiameter at breast height (em) for nil tree species
CStand density index
fDiameter at breast height Jar all post-outbreak living Douglas-fir trees
gPcrcentnge ofstems in plot that were Douglas-fir
hBasal area currently infested by >Douglas·fir beetle

CJl

o

I-'
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TABLE 2. Summary of Douglas-fir beetie-caused changes to overstory and understory conditions based on 25 paired
variable-radius plots on the Shoshone National Forest, Wyoming, in 1999. Mean (± s) for each variable is presented.
Variable
Pre-outbreak all species basal area (m2 . ha-l )
Pre-outbreak Douglas-fir basal area (m2 . ha-l )
Post"outbreak all species basal area (m2 . ha-l )
Post-outbreak Douglas-fir basal area (m2 . ha-l )
Pre-outbreak DBH for all species (cm)
Post-outbreak Douglas-fir DBH (cm)
Basal area killed (m2 . ha-l )
Percent Douglas-fir"
Pre-infestation
Post-infestation
Seedlingregenerationb
Understory height (cm)

Uninfested plots

Infested plots

t-value

P>t

43.0 (2.3)
40.8 (2.9)
40.8 (2.4)
38.6 (2.8)

44.5 (2.0)
44.1 (2.0)
8.3 (1.3)
7.9(1.2)

00489

0.630
0.361

33.2 (104)
32.8 (104)

37.9 (104)

2.2(0.8)
93.8 (3.0)
93.6 (3.0)
8.3(2.5)
14.8 (2.0)

21.9 (2.9)
36.2 (2.0)
99.6 (004)

78.0 (7.6)
30.6 (8.5)
4904 (5.1)

0.931
11.86210.006
4.111
3.188
14.513
2.362
1.890
3.020
7.810

***
***

***
**
***
0
0.071

**

***

apercentage ofDouglas-fir stems per plot
bNumber ofseedling recorded per O.OO4-h. plot
• <0.05
** <0.01
••• <0.001

killed by Douglas-fir beetle, we found signifi- had approximately a threefold increase in total
cant relationships with (1) percentage of Dou- abundance of understory plant categories
glas-fir stems (y = -30.3 + 0.50DF%, r2 == compared with uninfested plots (Fig. 2). How0.466, P < 0.006), (2) pre-outbreak basal area ever, the abundance of forbs, shrubs, and grass
of all tree species (y = -36.9 + 1.426BA, r 2 ~ did not change relative to each other (e.g.,
0.50, P < 0.003), and (3) Douglas-fir basal area forbs were the most prevalent in both infested
(y = -23.4 + 1.13BA, r 2 == 0.744, P < 0.001; and uninfested plots). Grass species had the
Table 1, Fig. 1). Douglas-fir diameter, trees greatest percentage increase (nearly 12-fold
per hectare, and stand density index were not on average) in abundance among the 3 groups
found to be significant (P > 0.50). No Douglas~ ofunderstory plants. In addition, average underfir beetle-related tree mortality was measured story height more than tripled in infested plots
in the only transect (Tl) that had <80% Dou- (Table 2). Because mortality of tree species other
glas-fir component in the overstory. Moreover, than Douglas-fir was less than 1% (Table 2),
the 3 transects having the highest average these changes in understory are assumed to be
basal areas (T2, T5, and T9) also had the 3 a result of Douglas-fir mortality.
Regressing basal area of Douglas-fir killed
highest total mortality values.
Douglas-fir beetle also caused >20% reduc- by Douglas-fir beetle, we found significant,
tion in Douglas-fir in the overstory relative to but weak, inverse relationships with (1) abun.:
other tree species (Table 2). The percentage of dance of forbs (y == 44.8 - O.llBA, r2 == 0.266,
Douglas-fir did not differ between infested and P < 0.001), (2) grass (y =;: 21.3 - 0.10BA, r 2 ==
uninfested plots when measured post-infesta- 0.24, P = 0.003), (3) shrubs (y = 29.4 tion because of the large variance in infested 0.07BA, r 2 = 0.10, P ~ 0.027), and (4) underplots (Table 2). However, when examining story height (y == 21.6 ~ 0.10BA, r 2 = 0.468, P
only infested plots, we noted that the percent- = 0.005). The amount of seedling regeneration
age of post-infestation Douglas-fir stems was was not found to be significant (P = 0.174).
significantly lower than the pre-infestation per- The relatively low coefficient of determination
centage (t = 2.605, P :::::: 0.016). Consequently, for each understory component suggests, how~
percentages of Engelmann spruce, white pine, ever, that there are other important, but unexand lodgepole pine increased relative to Dou- plained, sources of variation that lead to their
abundance. One source of variation may be the
glas-fir in the overstory of infested plots.
timing of tree mortality in relation to timing of
Effect of Douglas-fir Beetle
plot measurements; i.e., plots with "older moron Understory Conditions
tality" had more time for understory response
Douglas-fir beetle also had a significant than plots with more receI).t tree mortality. Other
effect on understory abundance. Infested plots sources of variation may include differences in
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(m2 . ha-1) on the Shoshone National Forest, Wyoming.
Data symbols represent transect means (153 plots total).

grazing pressure, short- and long-term fire
effects, aspect, and moisture.
In addition to the increase in the understory
herbaceous layer, the amount of conifer regeneration also increased significantly (Table 2).
Regeneration in infested plots was more than
3 times greater than in uninfested plots, and
approximately 90% in both plot types was
Douglas~fir. The remaining 10% included Engel~
mann spruce, subalpine fir, and lodgepole,
whitebark, and limber pine seedlings.
.
DISCUSSION

Effect ofDouglas~fir Beetle on
Forest Overstory Conditions
The percent reduction in basal area found
in the transect portion of this study was either
lower or higher than reported by Negron et al.
(1999) for the same general area depending on
the method of measurement. Negr6n et al.
(1999) selected points at random distance and

direction from infested spots to develop mortality models, whereas in our transect study
whole stands were surveyed, thus including
areas of high and low infestations. Using the
same plots established by Negron et al. (1999),
We documented greater mortality because of
continued beetle activity within the areas studied. Tree mortality observed in infested plots
is probably representative of stands that have
experienced heavy mortality, and mortality levels found along the transects are likely more
reflective of the type of mortality that occurs
across a watershed.
Percentages of Douglas-fir stems in the stand
and basal area Were important in determining
level of Douglas-fir beetle effect. Coefficient
of determination and slope between Douglasfir basal area and basal area killed (r2 ~ 0.70
and slope = 1.12) were higher than those reported earlier for the area (e.g., r 2 = 0.46 and
slope == 0.6; Negron et al. 1999). Perhaps these
differences occurred because the beetles had
more fully utilized their food resources since
the earlier study, or because we based the
regression on stand averages, whereas Negron
et al. used plot-level means to compute relationships. Thus, stand averages may have reduced some between-plot variation, resulting
in tighter regressions. Care must be taken when
using linear regression equations of this kind
because, although actual mortality can be derived, relatively low precision estimates may
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be generated (Negr6n et al. 1999). In addition,
because a relatively small range of basal area
and percentage of Douglas~fir was found in
our study, caution should be used in interpret~
ihg these results.
Relationships between amount of tree mortality and basal area or percentage of Douglas~
fir are, in general, consistent with previous
studies on Douglas~fir beetle in other geographical locations (Furniss et al. 1979, 1981,
Weatherby and Thier 1993, Negr6n 1998).
Hypotheses as to why Douglas~fir beetles pre~
fer stands of higher basal area include (1) tree
subjection to greater moisture stress and (2)
beetle preference for trees with shaded stems
(Furniss et al. 1981). Furthermore, h-ees growing
in overstocked conditions may have reduced
growth tates, leading to competition for carbon
resources needed for the production of defen~
sive compounds (discussed in Negr6n 1998).
Although tree diameter was not significant~
ly con-elated with basal area killed in the transect portion of our study, tree diameter has
been linked with Douglas-fir susceptibility to
Douglas~fir beetle in Idaho and Montana (Fur~
niss et al. 1979, 1981) and British Columbia
(Shore et al. 1999). One reason a significant
relationship did not occur may be that we
measured effects at, or near; the conclusion of
the infestation. Therefore, most of the largest
trees may had already been attacked and the
beetles had moved on to smaller trees, thus
causing a dilution effect of initial beetle preferences for larger tree size. Pasek (1990) re~
ported that Douglas~fir beetles preferentially
attacked the largest-diameter trees first in this
area follOwing the 1988 fires. In the paired
plots, tree diameter prior to infestation was
Significantly higher in infested plots and sig~
nificantly lower after the infestation than in
uninfested plots (Table 2). Moreover, tree diam~
eter of live trees was lower than initial tree
diameter for all transects except 1 and 9. This
reinforces the argument that the Douglas-fir
beetle initially attacks larger~diameter trees
and is reducing average Douglas-fir diameter.
Despite both basal area and stand density
index being calculated from tree diameter and
quantity of trees per unit area, previous studies
have demonstrated that basal area is in general a better predictor of tree mortality than
stand density index (Negr6n 1998, Negr6n et al.
1999). We also found that stand density index
is not a good estimator of basal area killed.
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Transect 13 had the highest stand density as a
result of the high number of trees per hectare;
however, the lower-than-average dbh probably
resulted in less basal area being killed. Similarly, transect 5 had a low stand density index
caused by fewer trees per hectare, but larger. than~average dbh and thus relatively higher
basal area killed.
The percent reduction of Douglas-fir in the
overstory caused by Douglas-fir beetles likely
depends on the initial proportion of Douglasfir in the overstory as indicated by the regression analysis. For example, compared with the
cun-ent study, reductions in the percentage of
Douglas-fir in the overStory were greater (e.g.,
20%) in Idaho where stands initially were only
60% or higher Douglas-fir (Furniss et al. 1979).
Effect of Douglas-fir Beetle
on Understory Conditions
Douglas-fir beetle-caused mortality of the
forest overstory resulted in understory growth
response. The relative abundance of under~
story plants changes over time as the amount
and height of conifer regeneration increases
and, therefore, the data presented here should
not be considered to reflect a permanent
change. However, in the short-term, previ~
ously infested spots may serve as areas of
increased forage suitable for large ungulates
(Schmid and Amman 1992). Also, mountain
pine beetle (D. ponderosae Hopkins) outbreaks
have caused increased herb production in Colorado (McCambridge et al. 1982b). That study
reported forb, sedge, and grass production increases follOwing beetle-caused mortality of
ponderosa pine in the overstory. Similarly,
spruce beetle (D. rufipennis Kirby) outbreaks
have been shown to increase grass and forb
production in Colorado (Yeager and Riordan
1953). However, in contrast to the effects caused
by the Douglas-fir beetle, browse (woody) plants
showed a steady, unexplainable decrease fol~
lowing the spruce beetle epidemic. Differences in understory response are probably a
function of seed sources on the site prior to
the bark beetle=caused disturbances and the
biotic potential of on-site vegetation. Further
and additional long-term studies are needed to
determine how long these understory effects
are measurable and what differences occur
between forest types.
In addition to increased abundance ofunderstory plants, conifer regeneration also increased
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significantly. It seems, however, that areas experiencing heavy Douglas-fir mortality will remain predominantly bouglas-fir. These findings were anticipated inasmuch as the stands
were initially almost pure Douglas-fir. Similar
studies in more mixed stands may detect a
greater increase in regeneration of other species.
These results mirror Hadley and Veblen (1993),
where Douglas-fir in the Colorado Front Range
remained the dominant tree species after re~
peated and overlapping outbre[l.ks of western
spruce budworm and Douglas-fir beetle.
CONCLUSIONS

Douglas-fir beetle changed both overstory
and uriderstory conditions of the forest. There
were both significant reductions in the over~
story and consequent increases of conifer regeneration, forbs, grass, and shrubs in the understory. This dynamic will probably continue
until after the Douglas-fir beetle population
collapses to endemic levels. However, it is
important to remember that overstory reductions are temporary, as diameter growth may
be accelerated in the remaining live trees and
as the regeneration matures. Based on average
tree size and age reported by Negron et al.
(1999), we estimate that a return to pre~infes
tation overstory conditions will probably take
between 25 and 200 years, depending on the
severity of tree mortality for a given stand.
Moreover, we emphasize that changes are characteristic of a dynamic forest ecosystem. Insectcaused disturbances work with other disturbances such as fire to shape the continually
changing spatial and temporal patterns of the
forest (Schmid and Mata 1996).
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REPRODUCTIVE ECOLOGY OF DUSKY FLYCATCHERS
IN MONTANE MEADOWS OF THE CENTRAL SIERRA NEVADA
James W. Cain IIIl,2,3 and Michael L. Morrison1,4
ABSTRACT.-Avian species with expansive ranges or those that occupy more than one vegetative association may vary
in aspects of their life histories across their ranges. The distribution of Dusky Flycatchers encompasses a variety of vegetative associations, including riparian communities. However, much of the literature on this species details studies con"
ducted in upland areas. Our objectives were to describe the breeding ecology and fecundity of Dusky Flycatchers nesting in montane meadows of the central Sierra Nevada, California. We monitored 36 territories and located 37 Dusky
Flycatcher nests in 8 meadows. Average clutch size was 3.9 eggs. Egg laying, incubation, and nestling stages Were 4,
15.4, and 16.4 days, respectively. Eighteen nests successfully fledged young, with an average of 3.3 fledglings per successful nest. Nest success was 43% and nest predation was the leading cause of nest failure. Estimated annual fecundity
was 1.62 fledglings per pair; however, because all renesting attempts were not located, this should be viewed as the min_
imum annual fecundity. Dusky Flycatchers we monitored may have had higher fecundity than those nesting in upland
areas because riparian areas often have higher arthropod abundances. While the importance of riparian conservation to
riparian"obligate bird species is obvious, our study indicates that these areas also may be of value to Dusky Flycatchers
that breed in riparian areas and upland areas.

Key words: Dusky Flycatcher, Empidonax obetholseri, reprodw;tive ecology, nest su£cess, life histonj, montane meadows,
Sierra Nevada.

Effective management of neotropical migra~
tory songbirds requires comprehensive lmowh
edge of life histories of individual species.
Data on life histories of some species of neotropical migrants in the western U.S. are scarce
(Martin 1992). Species with expansive ranges
or those that occupy more than one vegetative
association will likely vary in aspects of their
life histories across their ranges (Sedgwick
1993a, Lowther et al. 1999). The interaction of
avian life history traits and the environinent is
largely responsible for the fecundity of passer~
ines (Martin 1992, Ricklefs .2000). Factors that
influence avian fecundity include clutch size,
nest cycle length, nesting success, and nest
predation rate (Ricklefs 2000). Some factors
may be influenced by environmental conditions, whereas others may not be directly
influenced by the environment (Martin 1995,
Ricklefs 2000).
Two major environmental factors influenc~
ing avian fecundity are nest predation and food
availability (Lack 1948, Ricklefs 1969, 2000,
Martin 1987, 1995), which often vary spatially
within vegetation and between vegetation asso~

ciations. Riparian areas produce high arthropod
biomass (Jackson and Fisher 1986, Gray 1993),
often have higher arthropod abundances than
surrounding upland areas (Hutto 1985a, 19851),
and have fairly stable arthropod availability
throughout the breeding season (Raley and
Anderson 1990). However, some riparian areas
also have a high number of nest predators
(Ortega and Ortega 2000, Cain 2001), which
may offset the potential for increased fecundity resulting from high prey availability.
The breeding range of the Dusky Flycatcher
(Empidonax oberholseri) covers much of the
mountainous area in western North America
and occurs at elevations from about 650 m to
3000 m (Sedgwick 1993a). Dusky Flycatchers
use a variety of vegetative associations, including the understory of mixed coniferous forests,
pinyon~juniper (Pinus~Juniperus) woodlands,
limber pine (Pinus flexilis )-juniper woodlands,
mountain chaparral with scattered trees, aspen
(Populus tremuloides) groves, and riparian willow (Salix spp.) communities (Bent 1942, John~
son 1963, Sedgwick 1987, 1993a, 1993b, Kelly
1993, Liebezeit and George 2002). Although

l))epartment of Biological Sciences, California State University-5acramento, Sacramento, CA 95819.
2Present address: Wildlife and FISheries Science Program, School ofRenewable Natural Resources, University ofArizona, Tucson. AZ 857~1.
3Email: jwcain@ag.arizona.cdu
4Present address: White Mountain Research Station, University of California, 3000 E. Line St., Bishop, CA 93514.
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Dusky Flycatcher distribution includes a variety of vegetation associations, including riparian willow communities (Morton and Pereyra
1985, Wiebe and Martin 1998, Pereyra and
Morton 2001), much of the published literature
on this species details studies conducted in
upland areas (Johnson 1963, Sedgwick 1987,
1993b, Stahlecker et al. 1989, Kelly 1993, Liebezeit and George 2002). The importance of riparian areas during the breeding season to many
riparian-obligate bird species is obvious; how~
ever, these areas may also be of value as breeding sites for species that are not riparian obligates.
Our objectives were to describe the breed~
ing ecology of Dusky FlYcatchers, including
clutch size, nest cycle leJ!gth, nest success and
nest predation rate, and productivity in wet;
montane meadows of the central Sierra
Nevada, California.
STUDY AREA

Study sites are in Sierra, Nevada, and Alpine
counties in the north central Sierra Nevada,
California. The U.S. Forest Service manages
most of the land within the study area, including the Tahoe National Fdrest, Lake Tahoe Basin
Management Unit, and Toiyabe National Forest. The remaining land is managed by the
California Department of Fish and Game or is
privately owned (Bombay 1999). The study area
is characterized by mountainous topography
that is divided by glacial and riverine valleys.
Daily summer (June-August) temperatures
typically range from an average low of 4°C to
an average high of 26°C. Late afternoon thundershowers are common and summer precipitation averaged 3.9 cm during our study (National Oceanic and Atmospheric Administration
1999, 2000). The study sites are wet, montane
m.eadows surrounded by lodgepole pine (Pinus
contorta) forests. Meadows have a north=south
distribution along the east side of the Sierra
Nevada crestline at elevations between 1900
m and 2'700 m and range in size from 4.6 ha to
106 ha. Sedges (Carex spp.), grasses, and rushes
(funcus spp.) dominate the herbaceous plant
community of the meadows, whereas the
riparian shrub community is composed primarily of willows, particularly Salix lemmonii
and S. geyeriana (Bombay 1999). Willow communities in the meadows often parallel streams,
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but they are also found scattered in clumps
across the meadows. Some meadows also contain stands of mountain alder (Alnus tenuifolia)
and quaking aspen, usually along the meadow
edge. Meadows are also occupied"by a variety
of breeding passerines including Song Sparrow (Melospiza melodia), White-crowned Sparrow (Zonotrichia leucophrys), Willow Flycatcher
(Empidonax traillii), Wilson's Warbler (Wilsonia
pusilla), and Yellow Warbler (Dendroica
petechia).
METHODS

We worked during the breeding seasons
(1 June-31 August) in 1999 and 2000. When
nests were found, we recorded location and
number of eggs or nestlings. We monitored
nests every 3 to 4 days until the nest failed or
young fledged from the nest. Each time we
checked a nest, we recorded number of eggs
or nestlings and any evidence of nest predation or brood parasitism. Evidence of nest pre~
dation included missing eggs or missing nestlings that were s10 days old and were too
young to have fledged. We calculated nest
success using the Mayfield method (Mayfield
1961, 1975). We assumed that nest losses
occurred at the midpoint between the discovery of the predagon event and the date of the
last nest observation.
We determined the average number of days
in each stage of the nestling cycle, including
only nests that were under observation for the
entire stage. We assumed that the transition
between stages occurred at the midpoint be~
tween nest observations. Because we did not
monitor territories prior to the start of nest
building, nests were found in various stages of
completion; therefore, we did not attempt to
determine the duration of the nest-building
stage. We considered the incubation stage to
be the time between laying and hatching of
the 1st egg in the clutch. We considered the
nestling stage to be from hatching of the 1st
egg to fledging of the last nestling (Sedgwick
1993a, 1993b). We used the program CON~
TRAST to determine if survival rates of Dusky
Flycatcher nests varied between years (Hines
and Sauer 1989). The height from the ground
to the bottom of all nests was measured to the
nearest centimeter after the nests had either
failed or fledged young.
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We located 37 Dusky Flycatcher nests in 8
meadows. Based on the spatial distribution of il 15
•
SucceSsful nests
territories, we are fairly confident that the III
•
F~lIed nests
c
nests occurred on at least 36 different territo- "CI
ries. The earliest nest found was located during ,;
the nest-building stage on 3 June, and the last E.5 10
nest fledged on 26 August. Seventy~eight per~ '0
:;;
cent (n = 29) of nests were initiated between ...
E
1 June and 14 June, 14% (n == 5) between 15 ~ 5
June and 30 June, and 8% (n == 3) after 1 July
(Fig. 1). All nests were located in willow
shrubs in the crotch of 2 or more branches.
o
Thirty~three nests were in Salix lemmonii, 4 in
S. geyeriana. Nest height ranged from 0.05 m
to 2.32 m (x =;: 1.18 m, Sx = 0.08, n = 37).
Survival rates of Dusky Flycatcher nests
were not. significantly different between yeats
Fig.!. Nest initiation dates for Dusky Flycatcher nests
(X2 = 0.3124, df = 1, P ::;= 0.576); therefore, (n = 37) monitored in 8 montane meadows of the central
we combined nest data for both years. Length Sierra Nevada, California, 1999-2000.
of the egg~laying stage varied from 3 to 5 days,
with a mean of 4 days (sx == 0.07 days, n = 21
Daily survival rate for each stage in the
nests). The number of eggs per clutch ranged
from 3 to 5 and mean clutch size was 3.9 eggs nesting cycle was 0.990 (sx = 0.010), 0.966 (sx
(sx = 0.08 eggs, n = 28 nests) for nests located = 0.010), and 0.983 (sx = 0.008) for egg-Iay~
before hatching. Four nests (14.3%) had 3 ing, incubation, and nestling stages, respec~
eggs, 23 nests (82.1%) had 4 eggs, and 1 nest tively. Based on average length of egg-laying;
(3.6%) had 5 eggs. The incubation stage varied incubation, and nestling stages observed, the
from 13 to 16 days with a mean of 15.4 days overall survival rate for each of these stages
(sx = 0.21 days, n = 15 nests). The nestling was 0.961, 0.587, and 0.155. The overall prob~
stage was highly variable and ranged from 12 ability of a nest surviving from the beginning
to 20 days with mean of 16.4 days (sx ::::: 0.52 of the egg-laying stage until the end of the nest~
days, n = 15 nests).
ling stage was 0.426 (0.961 * 0.587 * 0.155).
Eighteen nests successfully fledged ~1
Sixteen of the failed nests were initiated
young. Mean number of fledglings per suc- between 1 June and 14 June (Fig. 1) and likely
cessful nest was 3.33 ± 0.21 (range 1-4, n ::::: 18 were the 1st nest attempts for these pairs. If
nests). Ten nests (55.6%) fledged 4 young, 5 we assume that these pairs made a 2nd nest"
nests (21.8%) fledged 3 young, 2 nests (11.1%) ing attempt and had a success similar to their
fledged 2 young, and 1 nest (5.6%) fledged 1 1st attempt, an additional 1 nests would have
young. Approximately 51% (19 of 37 nests) of been successful. If these same nests produced
all nests failed; 18 of 19 (94.1 %) failures were as many young as in the 1st nest attempts, an
due to nest predation. One nest (5.3%) failed additional 23 fledglings would have been produe to a severe thunderstorm. Sixteen of the duced, increasing estimated annual fecundity
nests initiated between 1 June and 14 June from 1.62 to 2.24fledglings per pair. But if the
and 2 nests initiated between 15 June and 30 2nd clutches were smaller and averaged 3
June failed due to nest predation. Of 18 depre~ eggs per clutch, still approximately 18 addidated nests, 1 was depredated during the egg- tional fledglings would have been produced,
laying stage, 12 during incubation, and 5 during yielding an estimated annual fecundity of 2.11
the nestling stage. None of the nests monitored fledglings per pair.
during this study were parasitized by the
Brownheaded Cowbird (Molothrus ater). Nest
DISCUSSION
height was not Significantly different between
nests that fledged and those that were depre~
Life history traits of Dusky Flycatchers nestdated (t = 1.696, df = 31, P ::::: 0.218).
ing in montane meadows did not differ from
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those nesting in upland environments. Nest
height, mean clutch size, and mean length of
egg-laying, incubation, and nestling stages we
observed were consistent with those reported
in other studies of Dusky Flycatchers (J000son 1963, Pereyra 1990, Sedgwick 1993b).
Nest predation was the major cause of nest
failure in our study. The predation rate we
observed was lower than the 61.9% reported
in a 2nd~growth ponderosa pine (Pinus pon~
derosa) forest in northern California (Liebezeit and George 2002) and cornparable to the
rate (53%) observed in a limber pine-juniper
woodland in Wyoming (Kelly 1993). It was also
comparable to the 45.6% nest predation rate
calculated by Martin (199.2) for shrub~nesting
passerines in general.
Dusky Flycatchers nesting in montane
rneadows of the Sierra Nevada are exposed to
a large number of potential nest predator
species. Predators associated with upland forest and mountain chaparral areas, meadow/
forest ecotones, and meadow interiors are active
in these meadows and result in a diverse commUnity of potential mammalian, avian, and reptilian nest predators (Cain 2001). Commonly
detected predators at oUr study sites include
shorMailed weasel (Mustela erminea), long~
tailed weasel (Mustela frenata), Douglas squit~
reI (TamiasciuTUS douglasii), Allen's chiprnunk
(Tamias senex), lodgepole chipmunk (Tamias
speciosus), yellow pine chipmunk (Tamias amoenus), golden-mantled ground squirrel (Citellus
latetalis), Steller's Jay (Cyanocitta stelleri),
Cornmon Raven (Corvus corax), Clark's Nutcracker (Nucifraga columbiana), Cooper's Hawk
(Accipiter cooperii), Red-tailed Hawk (Buteo
jamaicensis), and western terrestrial garter snake
(Thamnophis elegans; Cain 2001). Although we
commonly observed Brown~headed Cowbirds
in our study sites, We found no brood para~
sitism of Dusky Flycatcher nests.
Nest success in our study was similar to that
in studies conducted in upland areas (Kelly
1993, Sedgwick 1993b). The Dusky Flycatch~
ers monitored in our riparian meadows had
slightly lower estimated annual fecundity than
the 1.9 fledglings per pair observed in western
Montana (Sedgwick 1993b), but a higher number of fledglings per successful nest. However,
because we did not account for all renesting
attempts, it is likely that we underestimated
annual fecundity and that the actual annual
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fecundity of these birds may have been similar
to or higher than that reported by Sedgwick
(1993b).
Nest predation and food availability have
opposing influences on nest success and
fecundity (Lack 1948, Ricklefs 1969, Martin
1987, 1995). The Dusky Flycatchers we moni~
tored may have had higher fecundity than
those nesting in upland areas because riparian
areas often produce high arthropod biomass
(Gray 1993, Jackson and Fisher 1986), have
higher arthropod abundances than surrounding upland areas (Hutto 1985a, 1985b), and
exhibit relatively stable arthropod availability
throughout the breeding season (Raley and
Anderson 1990). Furthermore, high arthropod
availability has been associated with faster
nestling growth rates, higher nestling weights
at the time offledging, and a higher number of
nestlings fledged (Blancher and Robertson 1987,
Kleindorfer et al. 1997, Turner and McCarty
1998). However, because we did not assess
arthropod abundance, further research is
needed to more appropriately address these
issues.
Riparian areas in the western United States
are limited in distribution and make up a relatively small part of the overall landscape;
these areaS have high species richness and
densities of breeding birds and provide irnportant habitat to many avian species (Stauffer
and Best 1980, Knopf 1985, Finch 1991, Ohmart
1994). Because of the limited distribution and
high species richness of riparian areas, their
conservation is important for maintaining
avian diversity in western landscapes (Knopf
and Samson 1994), Activities such as upstream
logging, poorly managed livestock grazing,
and water diversions can influence hydrology,
riparian vegetation, nest predation, and food
availability for insectivorous birds (Kauffman
and Krueger 1984, Ohmart 1994, Ammon and
Stacy 1997, Rambo and Faeth 1999). While
the importance of riparian conservation to
riparian-obligate bird species is obvious, our
study indicates that these areas may also be of
value to Dusky Flycatchers and other species
that are not riparian~obligates but breed in
riparian areas.
ACKNOWLEDGMENTS

We thank M.R. Harris, D.E. Soroka, and T
Benson for invaluable assistance in the field.

2003]

REPRODUCTIVE ECOLOGY OF DUSKY FLYCATCHERS

Reviews by I.A. Sedgwick, R.W Mannan, D.M.
Queheillalt, H.L. Bombay, and an anonymous
reviewer improved earlier drafts of this manuscript.
LITERATURE CITED
AMMON, E.M., AND P.B. STACY. 1997. Avian nest success in
relation to past grazing regimes in a montane riparian system. Condor 99:7-13.
BENT, A.C. 1942. Life histories of North American flycatchers, larks, swallows, and their allies. U.S. National
Museum Bulletin 179.
BLANCHER, P.J, AND RJ ROBERTSON. 1987. Effect of food
supply on the breeding biology ofwestern kingbirds.
Ecology 68:723-732.
BOMBAY, H.L. 1999. Scale perspectives in habitat selection
and reproductive success for Willow Flycatchers
(Empidonax traillii) in the central Sierra Nevada,
California. Master's thesis, California State University, Sacramento.
CAIN, J.W 2001. Nest success of Yellow Warblers (Dendroica petechia) and Willow Flycatchers (Empidonax
traillii) in relation to predator activity in montane
meadows of the central Sierra Nevada, California.
Master's thesis, California State University, Sacramento.
FINCH, D.M. 1991. Population ecology, habitat requirements, and conservation of neotropical migratory
birds. U.S. Forest Service General Technical Report
RMRS-GTR-205.
GRAY, L.J. 1993. Response of insectivorous birds to emerg"
ing aquatic insects in riparian habitats of a tallgrass
prairie stream. American Midland Naturalist 129:
288-300.
HINES, JE., AND JR SAUER. 1989. CONTRAST: a general
program for the analysis of several survival or recovery rate estimates. U.S. Fish and Wildlife Service,
Patuxent Wildlife Research Center, Laurel, MD.
HUTIo, RL. 1985a. Habitat selection by nonbreeding,
migratory land birds. Pages 455-476 in M.L. Cody;
editor, Habitat selection in birds. Academic Press,
Inc., San Diego, CA.
___. 19851. Seasonal changes in the habitat distribution of transient insectivorous birds in southeastern
Arizona: competition mediated? Auk 102:12~132.
JACKSON, J.K., AND S.G. FISHER. 1986. Secondary production, emergence, and export of aquatic insects of a
.
Sonoran Desert stream. Ecology 61:629...,.638.
JOHNSON, N.K. 1963. Biosystematics of sibling species of
flycatchers in the Empidonax hammondii-oberholseri-wrightii complex. University of California Publications in Zoology 66:79-238.
KAUFFMAN, J.B., AND WC. KRUEGER. 1984. Livestock impacts on riparian ecosystems and streamside management implications: a review. Journal of Range
Management 37:430-437.
KELLY, JP. 1993. The effect of nest predation on habitat
selection by Dusky Flycatchers in limber pine-juniper woodland. Condor 95:83-93.
KLEINDORFER, S., H. HOI, AND RILLE. 1997. Nestling
growth patterns and antipredator responses: a comparison between four Acrocephalus warblers. Biologia, Bratslava 52:677-685.

511

KNopF, EL. 1985. Significance of riparian vegetation to
breeding birds across an altitudinal cline. Riparian
ecosystems and their management: reconciling conflicting uses. Pages 105-110 in U.S. Forest Service
General Technical Report RM-120.
KNOPF, EL., AND RI3. SAMSON. 1994. Scale perspectives on
avian diversity in western riparian ecosystems. Conservation Biology 8:669-676.
LACK, D. 1948. The significance of clutch size, part 3.
Some interspecific comparisons. Ibis 90:64-88.
LIEBEZEIT, JR, AND T.L. GEORGE. 2002. Nest predators,
nest"site selection, and nesting success of the Dusky
Flycatcher in a managed ponderosa pine forest.
Condor 104:50'1-517.
LOWTHER, P.E., C. CEUDA, N.K. KLEIN, C.C. RIMMER,
AND D.A. SPECTOR. 1999. Yellow Warbler. The Birds
of North America 454. The Academy of Natural Sciences, Philadelphia, PA, and the American Ornithol_
ogists Union, Washington, DC.
MARTIN, T.E. 198'1. Food as a limit on breeding birds: a
life"history perspective. Annual Review of Ecology
and Systematics 18:453-487.
___. 1992. Breeding fecundity considerations: what
are the appropriate habitat features for management?
Pages 455-473 in J.M. Hagen and D.W Johnston,
editors, Ecology and conservation of neotropical
migrant landbirds. Smithsonian Institution Press,
Washington, DC.
___. 1995. Avian life history evolution in relation to
-- nest sites, nest predation, and food. Ecological Monographs 65:101-12'1.
MAYFIELD, H.E 1961. Nest success calculated from exposure. Wilson Bulletin 73:255-261.
___. 19'15. Suggestions for calculating nest success.
- Wilson Bulletin 9'1:45&,466.
MORTON, M.L., AND M.E. PEREYRA. 1985. The regulation
of egg temperatures and attentiveness patterns in
the Dusky Flycatcher (Empidonax oberholseri). Auk
102:25-37.
NATIONAL OCEANIC AND ATMOSPHERIC ADMINISTRATION.
1999. ClimatolOgical data annual summary, California. National Climate Data Center, Asheville, NC.
~. 2000. Climatological data annual summary, California. National Climate Data Center, Asheville, NC.
OHMART, RD. 1994. The effects ofhuman-induced changes
on the avifauna of western riparian habitats. Pages
273-285 in JR Jehl, Jr., and N.K. Johnson, editors,
A century of avifaunal change in western North
America. Studies in Avian Biology 15. Cooper Ornithological Society, Lawrence, KS.
ORTEGA, J.C., AND C.P. ORTEGA. 2000. Effects of Brown_
headed Cowbirds and predators on the nesting success ofYellow Warblers in southwest Colorado. Journal ofField Ornithology 71:516-524.
PEREYRA, M.E. 1990. Factors affecting nestling development
and thermal regulation in the Dusky Flycatcher
(Empidonax oberholseri). Master's thesis, Occidental
College, Los Angeles, CA.
PEREYRA, M.E" AND M.L. MORTON. 2001. Nestling
growth and thermoregulatory development in subalpine Dusky Flycatchers. Auk 118:116-136.
RALEY, C.M., AND S.H. ANDERSON. 1990. Availability and
use of arthropod food resources by Wilson's Warblers
and Lincoln's Sparrows in southeastern Wyoming.
Condor 92:141-150.

-

512

----- - - - - - - - - - - - - - - - - - - - ~ .. -------.- --_._-

WESTERN NORTH AMERICAN NATURALIST

RAMBO, J-L., AND S.H. FAETH. 1999. Effect of vertebrate
grazing on plant and insect community structure.
Conservation Biology 13:1047-1054.
RICKLEFS, R.E. 1969. An analysis of nesting mortality in
birds. Smithsonian Contributions in Zoology 9:1-48.
___. 2000. Density dependence, evolutionary optimiza_
tion, and the diversification of avian life histories.
Condor 102:9--22.
SEDGWICK, J-A. 1987. Avian habitat relationships in pinyon~
juniper woodland. Wilson Bulletin 99:413-43l.
_ _ _. Dusky Flycatcher. The Birds of North America
78. The Academy of Natural Sciences, Philadelphia,
PA, and the American Ornithologists Union, Washington, DC.
~ . 1993b. Reproductive ecology of Dusky Flycatchers in western Montana. Wilson Bulletin 105:84-93.
STAHLECKER, D.W, P.L. KENNEDY, A.C. CULLY, AND C.B.
KUYKENDALL. 1989. Breeding bird assemblages in

[Volume 63

the Rio Grande Wild and Scenic River Recreation
Area, New Mexico. Southwestern Naturalist 34:
487-498.
STAUFFER, D.E, AND L.B. BEST. 1980. Habitat selection by
birds of riparian communities: evaluating effects of
habitat alterations. Journal of Wildlife Management
44:1-15.
TURNER, A.M., AND J-P. MCCARTY. 1998. Resource availability, breeding site selection, and reproductive
success of Red"winged Blackbirds. Oecologia 113:
140-146.
WIEBE, K.L., AND K. MARTIN. 1998. Seasonal use by birds
of stream-side riparian habitat in coniferous forest of
northcentral British Columbia. Ecography 21:124-134.

Received 22 ]anum'lJ 2002
Accepted 2 August 2002

Western North American Naturalist 63(4), ©2003, pp. 513-516

WESTERN SCRUB-JAY BREEDING BIOLOGY
IN CENTRAL COLORADO
Kerri Vierling1,2 and Barbara L. Wintemitz1,3
ABSTRACT.-The breeding ecology of the Western Scrub-Jay (Aphelocoma cali/ornica) in the midwestern United
States is relatively unknown compared with Aphelocoma species in other geographic regions. We examined Western
Scrub-Jay breeding biology in Colorado between 1970 and 1992. Incubation was initiated in early April and lasted 16
days, while the nestling stage lasted approximately 17-18 days. Clutch size averaged 4.0 eggs per nest, reproductive
success was 25%, and productivity averaged 0.66 fledglings per nest. The low reproductive success and productivity
measures may be due to high predator densities in the surrounding suburban landscape. Western Scrub-Jays preferred
nesting in eastern red cedar (Juniperus virginianus) with nests placed on southern exposures. Western Scrub-Jays bred
monogamously and were more similar in their breeding biology to the Island Scrub-Jay (Aphelocoma insulans) than to
the Florida Scrub-Jay (Aphelocoma coerulescens).

Key words: Western Scrub-Jay, Island Scrub-Jay, Florida Scrub-Jay, breeding phenology, territory sizes, reproductive success, productivity.

The Western Scrub-Jay (Aphelocoma cali~
fomica) inhabits pinyon-juniper and scrub oak
woodlands in western North America; how~
ever, Western Scrub-Jay populations have
been declining in pinyon-juniper woodlands
(Sauer et al. 2001). While breeding activities
of the closely related, cooperatively breeding
Florida Scrub~Jay (Aphelocoma coerulescens)
and Island Scrub-Jay (Aphelocoma insularis)
have been relatively well studied (Atwood 1980,
Woolfenden and Fitzpatrick 1984, Atwood et
al. 1990, Woolfenden and Fitzpatrick 1990,
Breininger et al. 1996, Breininger 1999), there
are few published data on breeding activities
of Western Scrub-Jays in pinyon~juniper/scrub
oak habitats. The primary objectives of this
study were to gather basic breeding data concerning (1) breeding densities and territory
sizes, (2) breeding phenology, (3) reproductive
success, (4) nest productivity data, and (5) nest
microsite characteristics for a Western ScrubJay population in central Colorado.
STUDY SITE

The Garden of the Gods, a city park owned
by Colorado Springs (38°51'17"N, 104°52'39"W),
consists of massive red sandstone hogbacks
and outcrops that dominate the landscape.

This region receives an average of 20.2 cm of
precipitation annually, and summer temperatures range from 21°C to 28°C. We focused
our observations on 33 ha in the south central
portion of the park, which is directly adjacent
to suburban housing. In general, slopes are
south~facing, with alternating ridges and valleys
that run north-south. The study site is dominated by clonal stands of scrub oak (Quercus
gambelii) interspersed with meadow. Additionally, the study area is dotted with pinyon
pine (Pinus edulis), eastern red cedar (Juniperus virginianus), one-seeded juniper (J. mexicana), and a few large ponderosa pine (Pinus
ponderosa). Other shrubs commonly present
are mountain mahogany (Cercocarpus montanus), three-leaved sumac (Rhus aromatica),
and beny and currant bushes (Ribes and Rubus
spp.).
Possible predators in the park include the
coyote (Canis latrans), red fox (Vulpes fulva),
domestic cat (Felis domesticus), raccoon (Procyon lotor), striped skunk (Mephitis mephitis),
and fox squirrel (Sciurus niger). Common avian
species include many corvid species: Blackbilled Magpies (Pica pica), Pinon Jays (Gymnorhinus cyanocephalus), Common Ravens
(Corvus corax), Common Crows (Corvus
brachyrhynchus), and Blue Jays (Cyanocitta

lColorado College, Biology Department, 14 East Cache La Poudre, Colorado Springs, CO 80903.
2Present address: South Dakota School of Mines and Technology, Department ofChemistIy and Chemi""l Engineering (and Biology), 501 East St. Joseph
Street, Rapid City, SD 57701.
3Deceased.
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cristata). Finally, possible reptilian predators
include garter snakes (Thamnophis elegans
and T. radix), bull snakes (Pituophis melano~
leucas), and prairie rattlesnakes (Crotalus
viridis)

field method (Mayfield 1975) 'to analyze nest
success data as the raw data necessary for this
analysis were unavailable.
RESULTS

We monitored 61 nests between 1971 and
1992. Western Scrub-Jays in Colorado typiBetween 1974 and 1991, BLW banded 114 cally initiated nest-building activities in April,
jays with an aluminum USFWS band and 2 but some were noted beginning building nests
colored plastic leg bands to help facilitate as late as 23 May. Incubation typically lasted
identification of individual birds. During 1990 16 days and hatchlings fledged after a 17- to
and 1991 we mapped nests, recorded territor- 18-day period. The average clutch size for
ial interactions, and determined territory sizes Western Scrub-Jays was 4.0 (#1.1); productivbased on these data. Although Western Scrub- ity averaged 2.8 (±L5) fledglings per successJays are very secretive during nest-building ful nest and 0.66 (±1.3) fledglings for all nests.
(Bent 1946), we monitored the study area Reproductive success was 25% and renesting
intensively during these breeding seasons and was rare: only 9% of failed nest attempts were
are confident that we missed few active breed- subsequently followed by a renesting attempt.
Predation was a major cause of nest loss, causingpairs.
ing
almost equal losses during the egg (48%)
We observed Western Scrub-Jay breeding
and
the hatchling stage (52%). Breeding terri~
activities annually in the Garden of the Gods
tories,
which averaged 1.87 ha in size, were
between late March and late July. We deterdetermined
for breeding Western Scrub-Jays
mined breeding phenologies by locating nests
in
1990
and
1991 (n = 21). Over the course of
and then visiting them throughout the breedthe 22-year study, we never observed cooperaing cycle. The nests, which we did not flag,
tive breeding behavior.
were relocated using detailed maps. We vis~
Western Scrub~Jays used a variety of nest~
ited nests on approximately 3~ to 5~day cycles
ing substrates and orientations in our study
and quantified the number of eggs, hatchlings,
site but preferred nesting in eastern red cedar
and fledglings for each nest. We determined
(X2 = 17.2, P < 0.01). Over half of all nests
productivity (the number of fledglings per nest)
were located within cedars (54%), and scrub
and reproductive success (the number of nests oak and pinyon pine were each used in .21% of
succeeding in fledging at least a single young) nesting attempts. The few remaining pairs
through observation of parental and fledgling nested either in one-seeded junipers 'or ponactivity. Because parents were most often derosa pine. Nest heights averaged 1.7 m
banded, we were able to assess the success (±0.67), and nest height did not differ signifi~
and/or failure of individual nests throughout cantlyamong tree species (F = 1.1, P = 0.32).
the breeding cycle.
Additionally, nest success did not vary with
In addition to examining breeding parame- nest height (F =: 0.77, P = 0.39). Nest orienta~
ters, we recorded nest microsite characteristics. tion differed significantly from random (X2 :;:;::
In particular, we recorded the species of the 9.8, P < 0.01), with nests occurring more on
nest tree as well as nest height and orientation. the southern side of trees.
Using a chi-square test, we noted (1) whether
Western Scrub-Jays selected particular tree
DISCUSSION
species, and (2) whether nest-site orientation
differed among trees. We were unable to perWestern~Scrub ray breeding activities more
form a chi-square test on the relationship of closely resembled those of Island Scrub-Jays
tree species and nest orientation compared than Florida Scrub-Jays. For instance, the
with nest success due to sample size issues average territory size for Western Scrub-Jays
that invalidate this test (Zar 1984). We used a in Colorado was similar to the 2-ha territories
I-way ANOVA to examine the relationship noted by Atwood (1980) for Island Scrub-Jays.
between nest height and nest success as wen Woolfenden and Fitzpatrick (1990) noted terrias the relationship between nest height and tory sizes averaging 9 ha for Florida Scrubtree species. We were unable to use the May- Jays, but differences in territory size when
METHODS
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comparing different Aphelocoma species are
likely due to cooperative breeding activities of
Florida Scrub-Jays. Territories for Western and
Island Scrub~Jays are likely smaller because
these Aphelocoma species do not support
helpers (i.e., mature nonbreeders) at the nest
(Atwood 1980, this study).
Breeding phenology for Western Scrub~Jays
closely resembled that reported elsewhere.
Atwood (1980) notes that the peak incubation
period of Island Scrub-Jays occurs in late
March and early April. Woolfenden and Fitz~
patrick (1984) record a similar phenology for
Florida Scrub-Jays. Schaub et al. (1992) report
an 18-day incubation period and fledging after
an additional 18 days for Florida Scrub-Jays,
and Harrison (1979) noted a 16-day incubation
period for all Aphelocoma species.
Clutch sizes for Western Scrub-Jays (4.0 ±
1.1) were similar to other reported values for
mainland Aphelocoma species (e.g., clutch size
= 4.47 for California mainland Scrub Jays;
Atwood 1980); in general, mainland clutch sizes
reported here and elsewhere (e.g., Atwood 1980)
are higher than those reported for Island ScrubJays or for Florida Scrub-Jays (Woolfenden
and Fitzpatrick 1984). However, reproductive
success and productivity of Western ScrubJays in Colorado were relatively low compared
to other Aphelocoma species. For instance, Florida Scrub-Jays with helpers fledged approximately 2.5 fledglings per pair while those without helpers fledged an average of 1.6 per pair
(Woolfenden and Fitzpatrick 1990). Helpers
can decrease predation rates (Schaub et al.
1992), predation being a major factor influenc~
ing nest success (Martin 1995). We did not
observe cooperative breeding behavior, but
nest failures in the Western Scrub-Jay population in Colorado resulted primarily from predation. The relatively low reproductive suc~
cess and productivity in the Colorado site may
have been influenced by the surrounding
landscape. Predation rates on nests have been
noted to be high in areas adjacent to suburban
activities due to higher predator densities (Vierling 2000), and the Colorado study site was
directly adjacent to a suburban housing development. While the influence of landscape on
Western Scrub~Jay populations has yet to be
examined, the influence oflandscape on Florida
Scrub-Jay demographics has recently received
heightened attention (Breininger et al. 1996,
Breininger 1999).
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Nest-site orientation was not related to predation, but it may be associated with other factors. For instance, nest-site selection on southern exposures has been observed in both Pinon
Jays (Gymnorhinus cyanocephalus) and Evening
Grosbeaks (Coccothraustes vespertinus). Southern-exposure nest~site selection for these
species was related to thermoregulation and
protection from prevailing winds (Balda and
Bateman 1972, Bekoff et al. 1987).
The applications of these data are limited
due to small sample sizes and a single study
site, but the study provides new information
on basic demographic variables of Western
Scrub~Jays that were previously unknown.
Additional demographic information on Western Scrub-Jays breeding in different habitats
and geographic locations will be important as
landscapes continue undergoing change.
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A NEW RECORD OF HERlBAUDIELIA FLUVIATILIS,
A FRESHWATER BROWN ALGA (PHAEOPHYCEAE), FROM OREGON
John D. Wehrl and Alissa A. Perrone l
ABsTRACf.-Members of the algal class Phaeophyceae (brown algae) are almost entirely marine species. A few genera have been described from freshwater habitats, but their distribution and ecological requirements, especially in
North America, are very poorly lmown. The 1st specimens of a freshwater species of brown algae from Oregon, Heribaudiella jluviatilis, were discovered in 3 localities of the McKenzie River, near McKenzie Bridge and Bellmap Springs
(44°22'N, 122°00'-15'W). This is the 4th extant population of this species lmown from the United States. The alga forms
distinctive, macroscopic, dark brown patches on rocks in rapidly flowing water. In the McKenzie River it co-occurs,
apparently year-round, with several other macrophytic algal species, including Prasiola mexicana, Zygnema sp. (sterile),
Nostoc parmelioides, N. vemlcossum, and Phormidium c£ autumnale. In cooler months the macroalgal species Ulothrix
zonata and Hydrlfru8 foetidus are also present with Heribaudiella. Photographs and ecological information are provided.
We report a 380-km range extension south for the species, and thus far the most southerly population lmown from North
America. This new record suggests that the alga may be more widespread than previously recognized and that other
localities may be discovered witl} further study.

Key words: Heribaudiella, brown algae, stream, Phaeophyceae, Oregon.

The algal class Phaeophyceae (brown algae)
is represented by a great variety of species,
with an enonnous range of sizes from microscopic fonns to large kelps many meters long.
More than 99% of all known species of brown
algae occUr in the marine environment (Van
den Hoek et al. 1995). Seven species in 6 genera have been described from freshwater envi~
ronments. All are benthic and most colonize
rocks in rapidly flowing streams or various
substrata in lakes (Wehr 2003). These are
Heribaudiella jluviatilis, Pleurocladia lacustris,
Bodanella lauterbomi, Sphacelaria jluviatilis,
S. lacustris, Porterinema jluviatile, and Ectocarpus siliculosus. Some are known from just one

to a few locations worldwide (Jao 1943, Thompson 1975, Schloesser and Blum 1980, West and
Kraft 1996). Interestingly, most of these species
(except Ectocarpus and Porterinema) occur only
in fresh waters and are not known from even
brackish environments (Israelsson 1938, Waern
1952, Wehr and Stein 1985). Given the great
abundance of marine relatives, their possible
marine origin and ecological requirements remain elusive for future biogeographic and physiological studies.
Presently, the North American algal flora is
known to include 5 species of these unusual

freshwater algae: P. lacustris, S. jluviatilis, S.
lacustris, P. jluviatile, and H. jluviatilis; but
most have been reported from few localities.
Pleurocladia lacustris has been reported from
3 quite disjunct locations in North America,
each more than 1900 km from the next nearest
population: Devon Island, Territory of Nunavut
(fonnerly Northwest Territories; Wilce 1966);
northeastern Lake Michigan (Carter and Lowe
2001); and Green River, Utah-Colorado (Ekenstarn et al. 1996). Sphacelaria lacustris is known
from just a single locality in western Lake
Michigan (Schloesser and Blum 1980). Sphacelaria jluviatilis was added to the North American flora after being discovered colonizing
pebbles in Gull Lake, Michigan (Thompson
1915, Wujek et al. 1996), a habitat quite unlike
the only other population in a rapidly flowing
stream· in central China (Jao 1943). Also disjunct, Porterinema jluviatile has been described
from several marine and freshwater localities
in northern Europe (Dop 1979), and from a
single marginally freshwater habitat in North
America (Wilce et al. 1970). One of the most
widely reported, but still poorly known, species
of freshwater brown algae is Heribaudiella
jluviatilis (Holmes and Whitton 1975a, Wehr
and Stein 1985). The taxonomic variations and

lLouis Calder Center, Biological Station and Department ofBielogical Sciences, Fordllam University, Box 887, Armonk, NY 10504.
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synonymies have been discussed elsewhere
(Wehr and Stein 1985, Wehr 2003). A recent
review of its global distribution revealed several hundred populations worldwide ahd perhaps 30 in North America, but many of these
are hundreds or thousands of kilometers from
the next nearest population (Wehr 2003). This
paper reports the recent discovery of a weUestablished population from a river in central
Oregon. Photographs ahd some ecological information are provided that may enable researchers to locate other populations in North
America.
.
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summer and autumn, many of the larger rocks
are colonized with conspicuous growths of
macroscopic and microscopic algae, and bryophytes.
METHODS

We collected algal samples from rocks while
wading the river and removed them from the
streambed. We collected specimens as intact
colonies on rocks by carefully hand-scraping
them into sample vials using razor blades.
Samples were collected from 3 sites in August
1997, July 1998, and September 1999. RelaStudy Site
tive cover estimates of the main macroalgal
Collections were made from the McKenzie species observed in a streain-reach were based
River, a 350-lanAong tributary of the Willam~ on the method outlined by Holmes and Whitette River in central Oregon, which drains off ton (1911a). Cover levels were scored as 0:
the western slopes of the Cascade Mountains. absent; 1: sl%; 2: > 1% to 10%; 3: > 10% to
Sites were located within approximately a 16~ 25%; 4: >25% to 50%; 5: >50%. We made ini~
Ian stretch of the river between the towns of tial identifications in the field using a Swift
Bellmap Hot Spring, McKenzie Bridge, and FM-31 field microscope. One site (Lost Creek
Rainbow (Fig. 1), roughly 75-85 Ian east of trail) was sampled (1991) for physical and
Eugene, Oregon. In this section, the river runs chemical variables using triplicate water sammainly westward and joins the Willamette ples from that reach. Stream depth and width
River approximately 300 Ian downriver, north were measured using a meter stick and tape
of Springfield, Oregon. Study sites are located measure, temperature with a field thermomewithin the Willamette National Forest at ele- ter, and current velocity was measured using a
vations between 400 m and 495 m, and situ- General Oceanics 2030 digital flow meter. Water
ated in a mixed western hemlock-western red- chemistry samples were filtered (0.45 11m pore
size) into 8 mL acid~washed vials for analysis
cedar~ Douglas-fir forest. rhis portion of the
river has recently been designated as part of in the laboratory. Algal and water chemistry
the critical habitat for evolutionarily signifi- samples were kept cool (s4°C) until analysis.
In the laboratory, algal samples were precant units (similar to populations) of steelhead
trout and Chinook salmon (Anonymous 2000). pared for standard wet~mount microscopy, alThe river basin is immediately adjacent to though samples of Heribaudiella required addi(south of) the watersheds of the H.J. Andrews tional steps for observation. Samples were first
Experimental Forest (Jones et al. 2000). Fur- carefully sliced off rocks using a razor blade
ther details of the regional landscape and ripar~ and diced into thinner sections; layers of thalli
ian vegetation are given in planty-Tabacchi were further broken up by chopping material
on a microscope slide and applying pressure
et al. (1996).
Three study reaches were investigated, (1) with a coverslip. This latter step was necessary
Lost Creek trail, 100 m upstream of Lost Creek to separate the 2 growth forms typical of this
tributary; (2) ranger station, 100 m downstream species (see Results). We observed specimens
of McKenzie Ranger Station; and (3) McKenzie using a Nikon Eclipse E600 microscope with
Bridge, 10 m downstream of McKenzie Bridge Nomarski optics, and photographed them using
(Oregon Highway 126 road bridge). Each study a Spot RT digital camera (Diagnostic Instrureach is characterized by rocky substrata with ments, Sterling Heights, MI).
Unfiltered water samples were analyzed for
rapid current velocities in the riffies and deep
pools ;;::80 cm during normal base flow condi- pH in the laboratory using an Orion 720 pH
tions, and varies from 15 m to 30 m in width. meter. We analyzed samples for concentrations
Stream water on each date was very clear. of dissolved inorganic phosphorus (DIP) using
Sunlight reaching the streambed varies from antimony-ascorbate-molybdate (APHA 1985;
fully open to moderately shaded. During the Bran + Luebbe Analyzing Technologies 1986a),
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Fig. 1. Location of the study area (inset) and the 3 sample reaches (numbers in circles) with populations of
Heribaudiellafluviatilis along the McKenzie River, Oregon (towns are designated by solid circles). The river flows south
and west.

(Sheath and Cole 1992). In all McKenzie River
sites, there were visually apparent tufts and
crusts of algae that could easily be seen when
wading the river. The most obvious photosynthetic organisms were large green tufts of the
aquatic moss Fontinalis (probably E antipyretica) and the foliose green alga Prasiola mexicana, both of which are large enough to be
spotted from the riverbank. Several other
species observed in the McKenzie, notably the
cyanobacteria Nostoc parmelioides and N verrucossum, which have been frequently observed
to co-occur with Heribaudiella elsewhere in
the world (Holmes and Whitton 1975a, 1915b,
Kann 1978, Wehr and Stein 1985). The apparent absence of Cladophora glomerata in the
RESULTS AND DISCUSSION
McKenzie is somewhat unusual for sites where
Relatively high macroalgal species richness Heribaudiella has been observed (Holmes and
characterized each of the sites on the McKen- Whitton 1975a, 1975b, 1977b, Wehr and Stein
zie River, with between 8 and 11 species ob~ 1985). Although sample reaches were sampled
served per sample reach (Table 1). This com- on different years, it is possible that temperapares with an average of 3.1 macroscopic algal ture conditions on the sample dates (July
species per reach; compiled from a survey of through September) may have precluded the
1000 stream sites across North America presence of Cladophora in the McKenzie River,

NH4 +-N using phenohhyp 0 chlorite, and
N0 3--N (after reduction to N0 2- in a Cd-Cli
column) via reaction with sulfanilamide~NNED
(APHA 1985; Bran + Luebbe Analyzing Technologies 1986b, 1987). Dissolved organic carbon (DOC) was measured following removal
of inorganic-C via acid sparging, then digested
with acid persulfate and high~energy Uv.
Resultant CO2 was reacted with buffered phenolphthalein and measured at 550 nm (Goulden
and Brooksbank 1975; Bran + Luebbe Analyzing Technologies 1989). All procedures were
rtm on a 'frAAcs 800 automated analyzer (Bran +
Luebbe Inc., Buffalo Grove, IL).
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TABLE 1. Identification and percent cover estimates of common macroalgal species observed co-occuning with Heribaudiella in 3 sample reaches of the McKenzie River during summer and early autumn between 1997 and 1999 (numbers refer to sites shown on Figure 1; cover classes: 0 = absent; 1 == > 0% to 1%; 2 = > 1% to 10%; 3 = > 10% to 25%;
4 = >25% to 50%; 5 = >50%).
Class / Division
Species

1: Lost Creek trail

2: McKenzie Bridge

3: Ranger station

August 1997

July 1998

September 1999

2
2
3
1

0
2
2
2

1
2
3
3

0

1

1

0
3

2
0
1

0
1

0
2
1
0
1

0

0

2

Cyanobacteria
Chamaesiphon incrustans
Nostoc pannelioides
N. verrucossitm
Phonnidium c£ autumllale
Rhodophyta
Audouillella c£ hennannii
Chlorophyta
Klebsonnidium rivulare
Prasiola mexicana
Spirogyra sp. (sterile)
Ulothrix ZOllata
Zygllema sp. (stelile)
Chrysophyta
Hydrurus foetidus

2-

21

Phaeophyta
Heribaudiella fluviatilis

3

3

2

Total macroalgal species

8

8

11

as the late August temperature was rather cool

(ll QC). Nonetheless, this watershed does

ex~

hibit greater macroalgal biodiversity than other
similar-sized rivers. Perhaps coincidentally, a
new genus and species of red alga, Rhododra~
pamadia oregonica, was discovered in an adjacent stream about 7lan north of the McKenzie
(Sheath et al. 1994).
The population of Heribaudiella fluviatilis
from Oregon is quite typical of the species,
which forms distinct, dark brown or reddish
brown patches on several types of rock (sandstone, granite, and various metamorphic rocks),
with colonies ranging from a few millimeters to
greater than 5 cm in diameter (Fig. 2A).
Colonies of this alga can be distinguished by
their usually circular or at least regular out~
line, with definite margins and slightly raised
(ca. 0.5~1.0 mm), but smooth, surface. Other
dark patches on other rocks include aquatic
lichens (e.g., Verrucaria sp.), which are nearly
black in color and often have raised papillae,
or encrusting cyanobacteria (e.g., Chamaesiphon spp.); they typically have indefinite
margins and appear macroscopically as brown
or reddish brown smudges. Heribaudiella can
be distinguished with certainty microscopi~
cally from these other forms. As is typical of
t1;l.e species, the Oregon population possessed

the 2 definite growth forms: (1) a complex,
multi-branched, prostrate array of narrow (ca.
7.0-8.5 [occasionally 10.0] flm diameter) filaments (Fig. 2B), and (2) a series of sparingly
(dichotomously) branched and broader (ca.
11.0-13.0 [to 19 flm basally] diameter), erect
filaments (Fig. 2C). Cells comprising vertical
filaments contain many golden brown chloroplasts (Fig. 2D) and occasionally dark brown
storage bodies known as physodes (Chadefaud
1950). The upright filaments often possess
swollen, terminal unilocular sporangia (Fig.
2E), which produce zoospores and occasionally narrower, divided plurilocular sporangia
(not seen in this population; see Svedelius
1930).
Ecological data for the McKenzie River (Lost
Creek trail site; Table 2) suggest that conditions are similar to those where populations in

Fig. 2 (facing page). Photographs of Heribaudiella fluviatilis from the McKenzie River (A = macroscopic appearance of crusts on a rock [scale = 1 em]; B = horizontal
series of multiply branched filaments that form the crust
[scale = 50 11m]; C = typical appearance of the vertical
growth form in a series of erect filaments [scale = 10 11m];
D = detail of cells, showing multiple golden brown chloroplasts [scale = 10 11m]; E = detail of terminal unilocular
sporangium [scale = 10 11m]).
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TABLE 2. Selected ecological properties of the McKenzie
River, Lost Creek trail site, August 1997 (means based on
3 spatially separate measurements at the single 'study
reach [exception; n = 1 for temperature]).

Mean depth (em)
Mean width (m)
Temperature (OC)
Current velocity (em' s-1)
Inorganic-P (l-tg P . L-1)
N02-(l-tgN'L-1)
NOs- (l-tg N . L-1)
NH4 + (l-tgN' L-1)
pH
Dissolved organic C (mg C' L-1)

90.0
35.0
11.0
70.5
65.2
2.0
5.9
64.9
7.8
1.8
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WA; West 1990). This report on the McKenzie
:River q.nd other algal studies in this watershed
(e.g., Sheath et al. 1994) suggest that this region
may be an area of greater and perhaps unusual .
algal biodiversitY; and deserving of further'
careful study. A study of riparian plant com~
munities within the McKenzie River region
also reported exceptional species richness, although ripariq.n corridors were very susceptible
to invasions by exotic species (Planty~Tabacchi
et al. 1996). Efforts to further describe and
perhaps protect the aquatic biodiversity in parts
of Oregon, therefore, seem warranted.
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This collection of Hetibaudielta fluviatilis is
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of approximately 380 km south from the next
nearest known population (Peshastin Creek,
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FIRE EFFECTS ON SPINY HOPSAGE IN
SOUTH CENTRAL WASHINGTON
Sally A. Simmonsl and William H. Rickard2
Key words: hopsage, Grayia spinosa, wildfire, shrub-steppe, Columbia River plain.

Grayia spinosa (spiny hopsage) is a dioecious,
summer decidu~
ous shrub erratically distributed across the lowelevation Columbia River plain on the 1400~
lan2 US. Department of Energy's Hanford
Site in south central Washington. The Columbia River plain differs from other rangeland
habitats in Washington because it has not
been grazed by livestock since 1943 and has
served as a refugium for native plants and ani~
mals in a surrounding matrix of land devoted
to cultivation agriculture and urbanization
(Rickard and Rogers 1983, Gray and :Rickard
1989).
Daubenmire (1970) studied steppe commu~
nities throughout eastern Washington and observed that burning was not a threat to hop~
sage because it readily sprouted. Rickard and
McShane (1984), however, reported that hop~
sage growing with Sarcobatus vermiculatus
(greasewood) did not resprout after burning. It
is important for rangeland managers to be able
to predict the response ofsteppe shrubs to wildfires. Spiny hopsage is a browse species palat~
able to livestock, and hopsage plantings could
be useful in rangeland restoration, especially if
hopsage sprouts after burning. Managers of
conservation areas may need to consider fire
protection for hopsage communities as a way
to sustain a measure of landscape biodiversity
and wildlife habitat, especially when hopsage
is easily killed by fire. Small, peripheral populations of otherwise widely distributed species
such as hopsage can be reserves of genetic
variability and are worthy of protection (Jones
et al. 2001).
Six botanical study plots were established
in 1986 and 1981 on the Columbia River plain
adjacent to the Arid Lands Ecology (ALE)
short~statured, multi~stemmed,

Reserve in south central Washington. This location had been selected as a pOSSible location
for a deep underground repository for highly
radioactive waste (Rickard and Schuler 1989).
Each plot was 50 x 50 m with the perimeter
marked with steel posts at 5-m"intervals. Shrub
density was determined by counting all shrubs
greater than 0.2 m tall in each plot. Shrub
canopy cover was measured by line intercept, "
and herb cover by species was ocularly estimated along three 40-m transects systemati~
cally spaced in each plot using the canopy
coverage method of vegetational analysis proposed by Daubentnire (1959).
The repository project was abandoned in
1988, but all plots remained undisturbed until
a massive wildfire burned through the repository location and all of the adjacent 30,000-ha
ALE Reserve on or about 1 July 2000. Each
plot was resurveyed during spring and summer 2001 and spring 2002 with particular atten~
tion to sprouting of spiny hopsage.
Five of the 6 study plots supported hopsage
shrubs in 1987 (Table 1). According to Rickard
and Schuler (1989), the sparse herbaceous
understory was dominated by Bromus tectorum (cheatgrass) and Poa secunda (Sandberg's
bluegrass). Most of the combustible fuel in all
study plots was wood. Hopsage was the only
shrub species on 1 plot and it was subordinate
to Artemisia tridentata (Wyoming big sage~
brush) on the other plots. All hopsage shrubs
on the study plots and surrounding areas were
burned in July 2000 (Fig. 1). Only 1 hopsage
shrub on plot 2H sprouted after the 2000 wildfire (Fig. 2). None of the hopsage shrubs on
the other plots sprouted. One Purshia tridentata (bitterbrush) shrub escaped burning on
plot 6S along with a few Ericameria nauseosa

ICorrcsponding author. Washington St.1.te University, 2710 University Drive, Richland, WA 99352.
2Pacific Northwest National Labomtories, Box 999, Ricbland, WA 99352 (retired).
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TABLE 1. Shrub density in five 0.~5-ha study plots in 198'/ and after the 2000 wildfire.
.

.

Study plot

Year
Species

~H

3S

48

5S

6S

1987 (pre-bum)
Grayia spinosa
Artemisia tridentata
Ericameria nauseosa
Chrysothamnus viscidiflorus
Purshia tridentata
Total

530
0
0
0
0
530

39
349
0
0
0
388

12
250
423
80
0
765

8
524
0
0
0
532

7
64
89
6'/
10
237

2001 (post-bum)
Grayia spinosa
Artemisia tridentata
Ericameria nauseosa
Chrysothamnus viscidiflorus
Purshia tridentata
Total

1
0
0
0
0
1

0
0
0
0
0
0

0
0
0
0
0
0

0
2*
5
0
0
7

0
2*
12
1
1
16

. Total
596
1187
512
147
10
2452
1
4*
17
1
1

24

* -= seedlings

(gray rabbitbrush) shrubs (Table 1). We revis- Centrocercus urophasianus (Sage Grouse),
ited all plots in March 2002 and there were no Amphispiza belli (Sage Sparrow), Oreoscoptes
new hopsage sprouts, thus confinning the 2001 montanus (Sage Thrasher), and Lanius ludovifindings.
cianus (Loggerhead Shrike) are listed as steppe
Fire frequency on the Columbia Rivet plain species of special concern by the Washington
is unlalOwn. Bowever, sagebrush shrubs on Department of Wildlife (1987), because they
the study plots were known to be at least 50 depend upon sagebrush as nesting habitat (Poole
years old (Rickard 1988). Bopsage phenology 1992, Fitzner 2000, Vander Haegen et al' 2000).
is synchronous with the annual cycle of pre- Sagebrush is easily killed by burning. Efforts
cipitation and temperature. New hopsage leaves have been made to restore it to burned areas
emerge in late February or early Match, fruits by planting tube~grown and barerooted seed~
(bracted utricles) mature in May and June, lings (Durham 2000). Currently, there are no
leaves drop in July and August with the onset efforts to restore spiny hopsage to burn scars.
Spiny hopsage is a minor component of east~
of summer soil drought, and conspicuous
overwintering buds develop. Hopsage is dop em Washingtons steppe rangeland communimant in autumn and winter. Wildfires usually ties and pure stands ate scarce. Daubenmire
occur in July and August when steppe shrubs (1970) observed that hopsage stands in eastern
and herbs are most desiccated, air tempera~ Washington seldom, if ever, established seedtures are at annual highs, and soil water is lings even though seeds readily germinated in
depleted (Rickard 1967). The me sensitivity of laboratory tests. This matches our own field
hopsage following the 2000 wildfire may be observations. In the absence of hopsage seed~
eXil,cerbated by slightly below normal precipi- iings, young plants, and mortalitY of mature
tation as measured at the Hanfotd Site Meteo~ shrubs, it seems likely that there was little
rological Station. Normal October~June pre~ change in hopsage density between 1987 and
cipitation is 152 mm. The October-Jllne pre~ 2000. OUr observations on the Columbia River
cipitation was 141 mm in 1999"""-2000 and 149 plain indicate that hopsage has the potential of
being extirpated by repetitive burnings. Hop~
mm in 2000-2001.
Typically, managers of conservation areas sage populations are widely distributed in arid
target a few selected utilitarian species fot pro- interior valleys throughout the intermountain
tection, but conservation biology must foclls regions of the western United States, and the
on understanding and conserving biological species as a whole is ptobably not under any
diversity (Temple 1997). In Washington State immediate threat of extinction. However, small,
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Fig.!. Ground-level photographs of hopsage study plot 2H in June 1987, thirteen years before burning (upper), and
in May 2001, eleven months after burning (lower).
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Fig. 2. Close-up photograph oflone surviving hopsage shrub on hopsage study plot 2H.

isolated peripheral populations such as those
in the Columbia River plain and ALE Reserve
are threatened. As Washington's rangelands are
steadily converted to agriculture and urban uses,
fire threats to burn-sensitive species become
more pronounced.
This work was supported by the u.s. Department of Energy under Contract DE-AC0676RLO. We gratefully acknowledge the'support provided by Pacific Northwest National
Laboratory and Associated Western Universities, Richland, Washington.
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EFFICACY OF PHOTOGRAPHIC SCENT STATIONS
TO DETECT MOUNTAIN LIONS
Eric S. Long1,2, Dorothy M. Fecske3, Richard A. Sweitzer!, Jonathan A. Jenks3,
Becky M. Pierce4, and Vernon C. Bleich4
Key words: automatic camer{/$, scent lures, scent stations, mountain lion, Puma concolor.

Estimating size of animal populations is im- size estimation (Karanth and Nichols 1998,
portant for effective management and conser~ Sweitzer et al. 2000). We therefore hypothe~
vation. Mountain lions (Puma concolor) have sized it may be possible to attract mountain
proven especially difficult to enumerate (Ander~ lions to scent lures and use photographic iden~
son 1983), and the current most reliable method tification to estimate population size by sightinvolves capturing a significant portion of the resight analysis. To test this we used automatic
population and monitoring individual animals camera stations baited with scent lures (photo~
via radio telemetry (Logan and Sweanor 2001). graphic scent stations) at a study area in the
High costs associated with this approach have Black Hills, South Dakota, that included mul~
motivated researchers to investigate alterna- tiple mountain lions based on information from
tive census techniques, such as harvest data a companion study (Fecske and Jenks unpub~
(Stiver 1989), track analyses (Van Sickle and lished data).
Lindzey 1991, Lewison et al. 2001), fecal DNA
We conducted the study May~August 2000
(Ernest et al. 2000), and scent stations (Muiioz~ in the central Black Hills of South Dakota,
Pedreros et al. 1995). These techniques vary where a study of radio~collaredmountain lions
widely in cost and precision. Because of im- has been ongoing since 1999 (Fecske and Jenks
portant limitations of many of these census unpublished data). The study area is dominated
methods, we were interested in developing a by ponderosa pine (Pinus ponderosa) associprotocol for estimating size of mountain lion ated with white spruce (Picea glauca), quaking
populations using a combination of scent lures aspen (Populus tremuloides), and birch (Betula
spp.). Understory cover ranges from bare and
and automatic camera systems.
Several felids are attracted to scent stations rocky terrain to a thick covering consisting of
(McDaniel et al. 2000), and mountain lions forbs and willows (Salix spp.).
We designed a 3 x 4 grid of photographic
may also be drawn to some scent lures. Young
and Goldman (1946) obtained photographs of scent stations such that the western half inter2 mountain lions attracted to a catnip~based sected portions of known home ranges of 3
lure, whereas Muiioz~Pedreros et al. (1995) radio~collared mountain lions (ML-1, ML~2,
lured mountain lions to track stations using and ML-3), while the other half was considplaster disks treated with bobcat (Lynx rufus) ered outside the range of radio-collared mounurine. In addition to Young and Goldman's tain lions but likely included the ranges of un(1946) early success with cameras, Pierce et al. marked mountain lions (e.g., UML-1). Camera
(1998) obtained multiple photographs of radio- systems at scent stations Were TrailMaster®
collared mountain lions from automatic cameras TM1500 (n ::;: 12) or TM 550 (n == 2) infrared
placed near cached prey. Analyses of the latter monitors mounted on trees or wood posts and
photographs revealed mountain lions often linked to autofocus 35-mm cameras (Goodson
have unique markings that may permit individ- and Associates, Lenexa, KS). Time delay beual identification, important for population tween photographs was set at 2 minutes. To
IDepartment ofBiology, University of North Dakota, Grand Forks, ND 58202.
2Present address: Pennsylvania Cooperative Fish and Wildlife Research Unit, Penn State University, 113 Merkle, University Park, PA 16802.
3Department ofWildlife and Fisheries Sciences, South Dakota State University, Brookings, SD 57707.
4Califomia Department of Fish and Game, 407 West Line Slree~ Bishop, CA 93514.
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expose animals to at least 1 or 2 traps (Otis et
al. 1978), we set spacing between stations at
7=9 km, based on mean home range size of
male (320 km~) and female (61 km~) mountain
lions in similar habitat in north central Wyoming
(Logan et al. 1986).
Individual photographic scent stations were
positioned within the grid in areas of probable
mountain lion use (slopes ~50%, distance from
water s500 m; Logan and Irwin 1985), identified from a GIS habitat model for the study
area. Exact placement of photographic scent
stations was based on topographic features that
may concentrate mountain lion travel and therefore increase probability of detection (Anderson 1983). Ten of 12 camera stations in the
grid were placed along ridge lines, river bottoms, marked slope transitions, or game trails;
1 was placed near the remains of a presumed
mountain lion=killed porcupine (Erethizon dorsatum), and 1 was placed in an area where an
unmarked mountain lion was observed. After
beginning the study, we added 2 camera sta~
tions within the 3 x 4 grid in areas where ad~
ditional sightings of unmarked mountain lions
had been noted. Photographic scent station den~
sity was approximately 0.04 cameras' km-2 .
Because the goal of the study was to develop a
census technique independent of radio telemetry, our camera station placement strategy
incorporated only types of information readily
available to researchers if there were no ongoing mountain lion studies in the area. Thus,
locations of mountain lions prior to the study
were used only to identifY suitable areas with
high probability of occupancy and, via weekly
flights during the study, to confirm the presence
of mountain lions in the study area.
Scent lures used in the study included skunk
oil, Powder River Cat CalFM (PRCC, M&M Fur
Company, Bridgewater, SD), and bobcat urine.
Skunk oil and PRCC were selected for Use
based on a pilot study to assess response of
captive mountain lions to different types of
scent lures; skunk oil and PRCC elicited the
highest numbers of approaches and interest
(Fecske and Jenks unpublished data). Bobcat
urine was used due to success in South America (Muiioz-Pedreros et al. 1995). Skunk oil
was mixed with vegetable oil (to slow evaporation), placed in a 250-mL jar with a perforated
metal lid, and affixed 1 m above the ground to
a small tree within view of the camera. Approx-
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imately 5 mL of PRCC was spread on the
same tree below the jar of skunk oil. Skunk oil
and PRCC were originally the only 2 scents
used, but after the first 6 weeks (483 cameranights) when no photographs of mountain lions
were obtained, photographic scent stations
were supplemented with 3=5 mL' of bobcat
urine sprayed around the base of the scent
post (638 camera~nights).
Scent stations (n = 14) were monitored for
1121 camera-nights dUring a 103-day period.
Study ~als ML~1 and ML~2 were each
located in the grid 3 times, and ML-l and
ML~3 were located close to the grid on multi~
pIe occasions. Two observations ofUML-l and
her kitten were less than 1 km from the grid,
and UML-2 was observed within the grid once.
Hence, 3 mountain lions were confirmed with~
in the grid, 3 additional mountain lions were
confirmed in the area, and additional animals
may have been present. Despite the confirmed
presence of these individuals, we obtained no
photographs of mountain lions.
Lack of photographs of mountain lions was
not due to inoperative camera systems, because
photographs of many nontarget species (white~
tailed deer, Odocoileus virginianus; mule deer,
O. hemionus; raccoon, Procyon lotor; red squirrel, Tamiasciurus hudsonicus; turkey vulture,
Cathartes aura; free~ranging cattle, feral dogs,
and bobcat) were obtained. Other possibilities
for the lack of mountain lion photographs
include insufficient effort, inappropriate camera station placement, low camera station density, or poor choice of scent lures.
Photographic scent stations were operative
for a combined 1121 camera-nights, which
should have been sufficient to detect moun~
tain lions because other studies have detected
felids with similar or less effort. Carbone et al.
(2001) report photographic detection rates for
tigers in 14 unpublished studies conducted
throughout Asia; average detection rates were
126.7 camera-days per photograph, and the
lowest detection rate Was 1 photograph per
329.7 camera days. Karanth (1995) obtained 3
photographs of tigers during 381 camera-nights,
and Karanth and Nichols (1998) reported 187
photographs of tigers during 3079 cameranights. In both studies cameras were placed
along known travel paths used by tigers.
Although detection rates were not reported,
Karanth and Nichols (1998) also reported pho~
tographing leopards (Panthera pardus).
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Placing photographic scent stations along
established travel routes could potentially in~
crease success. Studying mountain lions in
desert habitats of the San Andres Mountains,
Logan and Sweanor (2001) used snares set
along travel routes to catch 107 mountain lions
a total of 209 times with average sUccess rate
of 1 capture per 193 snare-days. However, to
our knowledge, regular travel routes have not
been determined for mountain lions in northern habitats, and thick vegetative cover hin~
ders detection of tracks and paths. Therefore,
aided by GIS, we placed photographic scent
stations in areas of suitable habitat and positioned them along ridge lines, river bottoms,
slope transitions, or game trails that might have
concentrated mountain lion travel (Anderson
1983). We are not aware of any unusual
aspects of habitat use by mountain lions in the
Black Hills region that would have indicated
alternative camera placements. Adult male
mountain lions may communicate via scrapes
(Seidensticker et al. 1973), and placing camera
stations around scrape sites may prove effective.
Camera station density was designed to
expose animals to at least 1 or 2 photographic
scent stations (Otis et al. 1978). Mufioz~
Pedreros et al. (1995) attracted mountain lions
to scent stations (n = 10), but the extremely
small study area (1 km2) and consistency of
track sizes suggests that a single family group
may have been detected multiple times. Relatively high densities of camera stations may be
required for reliably detecting mountain lions.
The scent lures we used had previously
been effective on captive mountain lions (skunk
oil, Powder River Cat Call TM; Fecske and Jenks
unpublished data) and free~ranging mountain
lions in South America (bobcat urine; MufiozPedreros et al. 1995). Our use of multiple
scent lures concurrently could have negated
the effectiveness of a single attractant. However, Harrison (1997), although successful in
detecting jaguarundi (Herpailurus yaguarundi)
and margay (Leopardus pardalis) at scent lures
of bobcat urine, synthetic fatty acid, catnip oil,
or Hawbaker's Wildcat 2 commercial lure, was
unable to detect mountain lions when using
these lures individually. Further, although skunk
oil and Powder River Cat Call TM were attrac~
tive to 2 captive mountain lions (Fecske and
Jenks unpublished data), these animals were
likely sensory-deprived; free~ranging moun-

tain lions may not be simil~ly interested in
these scents.
Although our test of photographic scent sta~
tions failed to detect mountain lions, further
experimentation with different camera station
densities, alternative camera placement strategies, or alternative scents may be worthwhile
before the method is deemed ineffective for
this species. Specifically, in habitats where
mountain lion travel routes can be determined,
techniques used by Karanth and Nichols (1998)
to photograph tigers could potentially be used
to detect mountain lions.
We thank J. Turnquist, G. Fecske, and J.
Moore for assistance in the field and the
Wheaton College Science Station in the Black
Hills for providing facilities during the study.
We also thank R.C. Belden, M.J. Chamberlain,
M. Conner, B.L. Cypher, H. Quigley, and 2
anonymous reviewers for helpful comments
that improved the manuscript. E.S. Long was
supported by grants from the National Geo"
graphic Society and the Office of Research
and Program Development and Department
of Biology, University of North Dakota.
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NEST~SITE SELECTION

BY WESTERN SCREECH~OWLS
IN THE SONORAN DESERT, ARIZONA
Paul C. Hardy l,2 and Michael L. Morrison3

Key words: Gila Woodpecker, Gilded Flicker, nest-site selection, Otus kennicottii, saguaro cacti, Sonoran Desert, Western Screech~Owl.

The Western ScreecbOwl (Otus kennicottii) valley includes the creosote (Larrea tridenis a small, nocturnal, secondary caVity-nesting tata)~white bursage (Ambrosia dumosa) series,
bird that is a year-round resident throughout and in runnels and washes, the mixed-scrub
much of western North America and Mexico series (Turner and Brown 1994). Temperatures
(Marshall 1957, Phillips et al. 1964, AOU 1983, for the Arizona Upland and Lower Colorado
Johnsgard 1988, Cannings and Angell 2001). River valley regions average 29°C-=30°C in the
Several aspects of Western Screech~Owl biol- summer and 11°C=12°C in the winter; mean
ogy, including taxonomy (Miller and Miller annual precipitation is 20-30 em (Sellers et al.
1951, Marshall 1957), distribution (Marshall 1985). Our study site was in northeastern
1957, Johnsgard 1988), food habits (Brown et al. BMGR in the Sauceda and Sand Tank moun1986), and breeding density (Johnson et al. tain ranges at 366=853 m elevation.
1981), have been studied (see Cannings and
We searched for nests in association with
Angell [2001] for a review), but no quantitative conducting point~count surveys (see Hardy
information on nest-site selection by the [1997] and Hardy et al. [1999] for details) for
screech~owls and Elf Owls (Mic1"(.lthene whitspecies has been published.
During 1995 and 1996 We studied nest~site neyi) in 1995 and 1996. We conducted surveys
selection by Western Screech~Owls (hereafter, along 6 point transects consisting of 10 stascreech-owls) in the Sonoran Desert ofArizona tions each (60 stations total) spaced at 0.8~km
using a multi-scaled approach. At the scale of intervals. We used compass triangulation data
the nesting area, we assessed whether features from surveys to identifY areas of concentrated
of cavities, trees, and surrounding vegetation singing activity where we later conducted nest
were related to nest~site selection. At the scale searches. We did nest searches during the
of the nest tree, we examined Whether owls nestling period (mid-April through late May).
Nestling screech-owls were quite vocal and
selectively choose cavities from those available.
OUr study took place on the Barry M. Gold~ could be heard up to 50 m away.
We centered a 25~m-radius plot (0.2 ha) on
water Air Force Range (BMGR) in southwestern Arizona. The BMGR occupies approxi- each nest. Because we did not measure terri~
mately 10,900 km2 of unpopulated land, one of tory or home range size, we refer to selection
the largest and best~preserved regions of at the scale of the nesting area rather than at
native desert remaining in the U.S. Two major the scale of the territory or home range.
We surveyed vegetation around each nest
vegetation types are found on BMGR: the Arizona Upland and the Lower Colorado River along eight 25-m point-intercept transects
valley subdivisions of the Sonoran Desert. The (Bonham 1989). We spaced intercept points at
Arizona Upland includes the paloverde (Cer- 5~m intervals at which we collected informacidium spp.)-mixed-cacti scrub series and tion on each plant species in 4 vertical height
paloverde-catclaw (Acacia greggii) xeroripar- classes: 0 m (ground level), >0 m to 1.0 m
ian associations. The Lower Colorado River (understory), > 1.0 m to 2.5 m (mid~canopy),
lWI1dlife and Fisheries Science Program, School ofRenewable Natural Resources, University ofArizona, Thcson, AZ 85721.
2Present address: Box 4276, Quincy, CA 95971.
3Corresponding author. White Mountain Research Station, University ofCalifornia, 3000 East Line Stree~ Bishop, CA 93514.
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and >2.5 m (overstory). We identified live and
dead shrubs, trees, and most cacti to species.
For each we determined the number of intercepts in each height class with the aid of a
graduated extendable pole. We divided this
number by total intercept points (40 per nest)
to estimate percent cover by height class and
percent cover of perennial vegetation.
Within each 25-m-radius plot, we recorded
the number of trees and cacti>2.5 m tall with
average stem diameter > 15 em (Goad and
Mannan 1987) and the number of cavities
within these structures. Following Goad and
Mannan (1987), we placed saguaro cacti (Carnegiea gigantea) into the following structure
categories: (1) <3 m tall with no branches, (2)
~3 m tall with no branches or branches <6 em
in length, (3) >4 m tall with branches 6 em to
1 m in length; (4) >5 m tall with 1~2 branches
> 1 m in length, (5) >5 m tall with 3 or more
branches> 1 m in length, or (6) >2 m tall with
a broken top. The number of saguaros per plot
c1id not include a nest saguaro.
..
Features of the nest tree we measured were
(1) height, (2) diameter at breast height (dbh);
(3) number of cavities per woodpecker species
(excluding nest cavity), and (4) structure category (if a saguaro, described above). We measured height as indicated above and dbh with
a diameter tape.
We measured the following features of the
nest cavity, height, compass orientation of opening, location (branch or stem), and diameter
(whether excavated by Gila Woodpecker [Melanerpes uropygialis] or Gilded Flicker [Colaptes
chrysoidesJ). We used cardboard disks attached
to an extendable pole to estimate the excavating woodpecker species following Kerpez and
Smith (1990). We did not measure inner dimensions of cavities due to the dangers of climbing
saguaros, and hole size is correlated with inside
area (McAuliffe and Hendricks 1988, Ketpez
and Smith 1990).
For each nest tree, we located the nearest
potentially Suitable, but unused, tree (McCallum and Gehlbach 1988) meeting the following requirements: positioned >50 m from the
nest tree (to avoid plot overlap), possessing at
least 1 potentially suitable cavity ~3.2 m high
(the lowest height we recorded for a screechowl nest), and unoccupied by a woodpecker.
When necessary, we examined cavities using a
mirror attached to an extendable pole to determine occupation. When we located a potential
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nest tree, we measured the same features as
described above for the surrounding vegetation, nest tree, and nest cavity. If a tree had
multiple potential cavities, we randomly
selected 1 for comparison. To facilitate inferences about the selection of nest cavities from
nest trees, we measured the height, orientation, location, and diameter (as described
above) of all potential nest cavities in the nest
tree itself
We used univariate, paired tests to determine which variables differed between used
and potential nest sites. For continuous variables We used paired t tests. For categorical
variables we conducted G4ests for homogeneity (Zar 1996:489). We used Raleigh's test (Zar
1996:615) to determine if nest cavity and potential cavity orientations were nonrandom. We
set alpha at 0.1. We recognize, however, that
our multiple statistical tests are not independent. We chose not to apply experiment-wise
adjustment of error (e.g., Bonferonni procedures; Winer et al. 1991:158-166) because we
are in the exploratory phase of this research,
where an increase in the level of significance
is not of major importance. In this phase it is
more important to examine and interpret variations in data than to worry about specific
alpha levels. Additionally, over-reliance on sta~
tistical hypothesis testing can often obscure
potentially meaningful biological relationships
(e.g., Johnson 1999).
To examine nest~cavity selection within nest
trees, we compared features of nest cavities
with those of potential cavities within nest
trees. We calculated the mean height and ori~
entation (compass direction) for all potential
cavities in each nest tree and then paired
these means with nest cavity heights and orientations used by the birds using paired t
tests, G-tests, and Raleigh's tests.
In 1996 we located 12 screech-owl nests:
10 in saguaro cavities and 2 in mesquite tree
(Prosopis spp.) cavities. We searched for nests
too late in 1995, finding fledglings but no
nests. In 1996, the 3rd year of a prolonged
drought, very few screech-owls nested (Hardy
1997, Hardy et al. 1999). A nesting Gilded
Flicker concurrently occupied 1 nest in saguaro;
all other nest saguaros were occupied solely
by screech-owls.
The 2 nests in mesquite were in trees 6.5 m
and 7.8 m tall, with cavities at 2.1 ill and 2.8 m
in height, respectively. Because only 2 screech-
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owl nests were in trees, we limited detailed
analyses below to nests located in saguaros.
Mature ironwoods (Olneya linearis), mature
paloverde, and the 2 tallest structure classes of
saguaros were found in significantly lower
densities at screech~owl nest sites than at
potential sites (Table 1). The cover of overstory
perennial vegetation was also significantly lower
around screech~owl nests (Table 1). Note that,
except for cavity height, the variance (standard
error) associated with each variable describing
potential nest sites was greater than that for
used nest sites (Table 1).
Nests in saguaros ranged in height from
4.7 m to 10.9 m with a mean of 8.1 m (sx ~
0.64, n = 10) and ranged in dbh from 45 cm
to 59 cm with a mean of 52.9 em (sx = 1.29,
n = 10). They had a significantly greater dbh
than potential nest saguaros (Table 1). The
number ofpotential cavities within nest s~guaros
ranged from 2 to 15 with a mean of 5.1 (sx =
1.26, n ~ 10) and did not significantly differ
from the number of potential cavities within
potential nest saguaros (Table 1). However, the
number of Gilded Flicker cavities was greater
within nest saguaros than within potential nest
saguaros (t = 3.06, 9 df, P = 0.009).
Nine of the 10 screech-owl nests located in
saguaros were in cavities excavated by Gilded
Flickers, and these cavities were used significantly out of proportion to their potential
availability (Fisher's exact test, n ::;:: "10, P ~
0.015). The 1 screech~owl nest not in an obvi~
ous Gilded Flicker cavity was intermediate in
size between a Gila Woodpecker and Gilded
Flicker cavity (vertical diameter = 6.2 em, hori~
zontai diameter == 7.1 cm). Nest cavity height
ranged from 3.2 m to 8.6 m with a mean of 6.2
(sx ::::: 0.55, n == 10) and did not significantly
differ from potential cavity height (Table 1). The
orientation of nest cavities was random (r =
0.09, P > 0.50, n = 10) and the location of:p.est
cavities did not significantly differ from that
expected based on location of potential cavities (Fisher's exact test, n :::: 10, P = 0.89).
Cavity selection within nest saguaros was
similar to that within the nesting area. Screechowl nests were again located in Gilded Flicker
cavities more frequently than expected based
on potential availability (Fisher's exact test, P =
0.012, n = 10). The location of nest cavities
did not differ from that expected based on the
location of potential cavities (Fisher's exact
test, P = 0.98, n = 10), and the height did not
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differ from the height of potential cavities (t =
0.69, 9 df, P ~ 0.51).
Finding that screech-owls nested in mesquites is significant, because other than in
mesic riparian areas (Bendire 1892), screech~
owls have not been documented to nest in tree
cavities in the Sonoran Desert (Bent 1938,
Johnsgard 1988). Hardy (1997) and Hardy et
al. (1999) found that Elf Owls nested exclusively in saguaros and suggested this was due
to the cooler and more stable microclimate of
saguaro cavities relative to tree cavities. Unlike
Elf Owls, screech"owls might not be limited to
saguaros because they have a wider thermoneutral zone (Ligon 1969). They are probably
limited more by the presence of structures
large enough to house cavities than by microclimatic factors in the Sonoran Desert.
Unlike Elf Owls, which seem to prefer Gila
Woodpecker cavities (Hardy 1997, Hardy et al.
1999), screech~owls nested nearly exclusively
in Gilded Flicker cavities. The larger body size
of Western Screech~Owls might limit them
from entering Gila Woodpecker cavities, or the
much smaller interior of Gila Woodpecker
cavities (Kerpez and Smith 1990) may constrain the large brood sizes characteristic of
the species (Johnsgard 1988). The fact that
screech~owls selected saguaros oflarge diame~
ter for nesting suggests that cavity volume is a
consideration. In Oregon and Washington,
Western Screech-Owls used cavities in trees
with a minimum dbh of 30.5 cm (Thomas et al.
1979).
Although the total number of cavities (regardless of excavating species) did not differ
between nest saguaros and potential" nest
saguaros, we found significantly more Gilded
Flicker cavities in nest saguaros than in poten~
tial saguaros. Thus, having alternate Gilded
Flicker cavities may be important in nest-site
selection by screech-owls. Other studies have
shown that the number of alternate suitable
cavities surrounding nests is an important factor in nest-site selection by cavity-nesting birds
(e.g., Swallow et al. 1986, Martin and Roper
1988). Alternate cavities in the vicinity of the
nest provide birds with renesting sites in case
of nest failure (Rendell and Robertson 1994)
or nest usurpation, and in Eastern ScreechOwls alternate cavities may be lised as roost,
food storage, and alternative nest sites (Gehl~
bach 1995). Alternatively, if flickers tend to
make multiple cavities once they find a suitable
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TABLE 1. Features of surrounding vegetation, saguaros, and cavities at nest sites of Western Screech-Owls (n = 10)
and at unused but potential nest sites, Barry M. Goldwater Air Force Range, Arizona, 1995-1996.
Potential

Used

Category
Variable

x

Sx

x

Sx

pa

Surrounding vegetationb
Class 5 c saguaro densityd
Class 4 C saguaro density
Ironwood density
Paloverde density

0.3
0.6
0.8
1.2

0.14
0.21
0.54
0.71

0.8
1.3
3.0
4.2

0.23
0.26
0.69
1.36

0.082
0.081
0.019
0.034

Perennial vegetation
% cover understorye
% cover mid-canopyf
% cover overstoryg

31.2
f).8
1.4

6.33
2.11
0.76

38.8
12.7
4.2

7.27
3.44
1.30

0.444
0.527
0.079

Saguaro
Total cavities
Height(m)
DBH(cm)

5.1
8.1
52.6

1.26
0.64
1.41

3.7
8.0
46.4

1.46
0.66
2.12

0.474
0.840
0.024

6.2,

0.55

5.8

0.41

0.609

Cavity height (m)

aSignmcance ofpaired t test
bFeatures ofsurrounding vegetation measured within 25-m-radiu5 plot centered on nest saguaro
·Class 5 saguaros: >5 m tall with at least 3 branches>1 m long; class 4 saguaros: >5 m tall with 1-2 branches>1 m long
dNumber ofstructures (e.g., cavities, trees) within 25-m-radius plot
e>0-1m tall
f>1-2.5m tall
g>2.5mtall

cactus, then the presence of multiple cavities
could play no role in nest-site selection by
owls. Another possibility is that saguaros with
more flicker cavities may be mOre likely to
have owl nests simply because of higher availability of suitable cavities. Experimental evaluation of these ideas would be necessary to
resolve the primary reasons for using structures with multiple cavities.
Other than their apparent preference for
Gilded Flicker cavities, screech-owls did not
select cavities based on orientation, height, or
location (branch or stem). These findings are
consistent with previous studies of nest-site
selection (Gehlbach 1995). Although the direction a cavity entrance faces may affect the micro"
climate within the' cavity, our results suggest
that entrance orientation is of little importance
to screech-owls in our study area, despite extreme summer temperatures. Similarly; Duley
(1979) and Belthoff and Ritchison (1990) found
that Eastern Screech-Owl nest cavities were
randomly oriented.
Screech-owl nesting areas were character~
ized by lower cover of perennial vegetation,
saguaros, ironwood, and paloverde than potential sites. We also found that the variance (standard error) associated with variables describ-

ing potential nest sites was greater than that
associated with used sites. This higher variance could also reflect that owls are selecting
for a narrower subset of conditions than those
available to them. Eastern Screech-Owls and
Flammulated Owls (Otus jlammeolus) also seem
to prefer nest sites with open subcanopy space
and sparse shrub cover (McCallum and Gehlbach 1988, Robbins et al. 1989, Belthoff and
Ritchison 1990, Gehlbach 1995). McCallum
and Gehlbach (1988) suggested that the flight
behavior of these species near the nest is re~
lated to their preference for open vegetation
around the nest. Our observations of the flight
behavior of screech~owls, although not quanti~
fred (unpublished data), are consistent with
those described by McCallum and Gehlbach
(1988).
We thank Luke Air Force Base for funding
this project via their enVironmental program,
Flight. We also thank the School of Renewable
Natural Resources at the University ofArizona
for financial and logistical support. We thank
field assistants T. Abeloe and G. Downard for
their outstanding work, and S. DeStefano, R.W
Mannan, E Gehlbach, J. Marks, J. Belthoff,
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RESPONSES OF OPOSSUMS AND RACCOONS
TO BOBCAT AND COYOTE FECES
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Behavioral observations and dietary studies
of top predators suggest that they commonly
harass and kill mesopredators (Parker 1995).
According to the mesopredator release hypothesis, when top carnivores such as wolves (Canis
lupus) and cougars (Puma concolor) decline,
numbers of smaller carnivores tend to increase
(Crooks and Soule 1999, Henke and Bryant
1999). In the absence of top carnivores, coy~
otes, bobcats, or other relatively large mesopredators may become surrogate top preda~
tors and control numbers of smaller predators
through interference competition (Terhorgh et
al. 1999, Gipson and Kamler .2001). In midwestern states an inverse relationship has been
shown between the abundance of raccoons,
Procyon lotor, and coyotes, Canis latrans (Sargeant et al. 1993). There are several accounts
of coyotes killing raccoons and opossums,
Didelphis virginiana (Kamler 1998, Gipson
and Kamler 2001), and even small bobcats,
Felis rufus (Gipson and Kamler 2002).
Detection of potential predators is typically
through sight or smell, and predator detection
by prey species often results in the avoidance
of a! particular area (Boag and Mlotkiewicz
1994, Lindgren et al. 1997). Feces and urine of
dominant predators have been used to keep
potentially dama,ging species out of protected
areas (Boag and Mlotkiewicz 1994, Lindgren
et al. 1997, Swihart et al. 1991, Tobin et al. 1997).
Some prey species (i.e., mountain beaver,
Aplodontia rufa) have habituated to synthetic
chemicals designed to mimic predator scents
(Epple et al. 1995). Other species (i.e., snowshoe hare, Lepus americanus) apparently have
not habituated to either synthetic predator
odors or predator feces and urine, thus making these materials effective repellents (Lind-

gren et al. 1997). Similarly, the occurrence of
top predator feces in an area may provide a
strong indication to mesopredators that a top
predator is present and initiate avoidance
reactions by mesopredators. We investigated
responses of raccoons and opossums to feces
from coyotes and bobcats, to a known attrac~
tant (fatty-acid scent; FAS), and to no scent
applied (control) at tracking stations.
The study took place in a mixed tallgrass
prairie and forest area on Fort Riley Mj}itary
Reservation in northeastern Kansas. We constructed sifted-soil stations to record presence
of species visiting feces and other scents
placed in the center of the stations. Stations
were placed >0.5 km apart in 6 geographi~
cally distinct zones (Howard et al. 2002) to
discourage visitation by individuals to :multiple stations Within a zone and to eliminate visitations by a single animal to stations in differ~
ent zones of Fort Riley.
Three treatments--bobcat feces, coyote
feces, and FAS tablets~were placed on trach
ing stations. We also established control tracking stations with no scent applied. Each treatment type was assigned to 10 randomly selected
stations in prairie and 10 in forest, for a total of
60 treated stations; the non-lure control was
assigned to 6 stations in prairie and 6 in forest.
Individual stations consisted of a l~m-diame
tel' area covered with sifted soil and masonry
sand to record tracks of visiting animals. After
clearing vegetation, we sifted a mixture of sand
and soil on top of each station to a depth of
approximately .2 cm. We then placed an individual scat or FAS tablet in the center of each
treated station. Stations were checked after 24
hours (Roughton and Sweeney 1982) and tracks
were identified to species.

lKansas Cooperative Fish and Wildlife Research Unit, United States Geological SUIVey, Division of Biology, 205 Leasure Hall, Kansas State University,

Manhattan, KS 66506-3501.
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Stations were set and checked 4 times during the year. We collected bobcat scats from
Sunset Zoological Park, Manhattan, Kansas, and
coyote scats from Dickerson Park Zoo, Spring~
field, Missouri. Scats were frozen within 24
hours of removal from exhibits and remained
frozen until no more than 6 hours prior to
placement on a station. Captive bobcats were
fed Feline Diet (18% crude protein) available
from Central Nebraska Packing, Inc., North
Platte, Nebraska. Captive coyotes were fed a
diet of PMI Adult Formula dog food (18%
crude protein) available from Purina Mills, Inc.,
St. Louis, Missouri. FAS ta,blets were purchased
from the USDA Pocatello Supply Depot, pocatello, Idaho. We performed 2 ANOVAs using
SAS Proc GLM (SAS Institute, Inc. 2000) for
both opossums and raccoons. The 1st ANOVA
compared all 3 treatments; post~hoc pair-wise
comparisons using least square means were
performed. Since there was no detectable difference in visitation rates to coyote feces and
bobcat feces by either opossums or raccoons,
in the 2nd ANOVA we combined coyote and
bobcat feces as a single treatment for comparison with FAS.
The majority: of visitations occurred within
forested habitat for opOSSUmS (26 of 27 total
visits) and raccoons (20 of 26 total visits).
ANOVAs for all 3 treatments indicated no significant preference for any bait by opossums
(F = 0.460, P = 0.635, df = ,2,21) or by rac~
coons (F = 3.320, P = 0.056, df = 2,21). The
post-hoc multiple comparison of treatments
for opossums further supported this finding of
no preference for baits (FAS-coyote feces, t ~
0.481, P = 0.635; FAS-bobcat feces: t = 0.481,
P ~ 0.635; coyote feces-bobcat feces, t ~ 0.963,
P = 0.347). For raccoons there Was a signifi~
cant difference between FAS and bobcat feces
(t == 2.564, P = 0.018) but not between FAS
and coyote feces (t = 1.496, P = 0.149) or be~
tween coyote feces and bobcat feces (t = 1.068,
P = 0.298).
.
Our 2nd ANOVA for FAS compared to coyote or bobcat feces for opossums indicated no
preference for either bait (F = 0.0, P ~ 1.0, df
= 1,22). Opossums visited stations baited with
feces and stations baited with FAS in propor~
tion to their availability. A significant difference was detected for raccoons (F = 5.46, P ::;:
0.029, df === 1,22); they visited stations baited
with FAS proportionally more than stations
baited with feces.
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Non-baited control stations were not visited
by oposSUms or raccoons and were not considered in statistical analyses.
FAS, coyote feces, and bobcat feces all
attracted opossums and raccoons to tracking
stations, especially in forests; 46 of 53 total visits by both species were recorded in forest
habitat. The high visitation rate by raccoons
and opossums to stations in forest habitat agrees
with other research showing that seasonally
raCCOOns and opossums use forest habitats
more often than prairie (Sanderson 1981, Gip~
son and Kamler 2001). Coyotes Were the major
cause of death among opossums and raccoons
studied on Fort Riley (Gipson and Kamler
2001). Kamler (1998) found a shift in habitat
use by raccoons from predominantly forest
during spring to predominantly prairie during
autumn. Kamler (1998) hypothesized the pref~
erence for forest during spring might be due
to the presence of young with females and the
shift to prairie in autumn might be related to
soft mast availability.
Although no significant differences between
baits were detected, oposSUms generally visited stations baited with coyote feces more often
than those baited with FAS or bobcat feces.
This was surprising because, as noted, predation by coyotes was the major caUse of death
among opossums on Fort Riley (Gipson and
Kamler 2001). A possible explanation is that
opossums seek coyote feces rich in insects,
seeds, by-products of partially digested fruits
and meat as a source of food, minerals, and
vitamins (Meriwether and Johnson 1980}. An
investigation of coprophagy on Fort Riley
showed 0po~sUms consumed more coyote
feces than any other species, including other
coyotes (Livingston 2001). It is also possible
that feces from captive coyotes used in this
study contained lower levels of sulfurous
volatiles than typically found in feces from
carnivores with a diet high in meat because of
the relatively high vegetable content of the
diet of zoo coyotes.
Raccoons visited fewer stations baited with
captive bobcat feces than stations baited with
feces from coyotes, although not significantly
less. The visitation rate by raccoons to stations
baited with bobcat feces Was significantly less
than to stations baited with FAS tablets. This
reduced visitation to bobcat feces may be due
to the vulnerability ofsmall female raccoons and
their young to predation by bobcats (Edwards
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1996). The meat-rich content of bobcat feces
may also have contained high levels of suh
furous volatiles that often deter prey species
(Mattina et al. 1991, Epple et al. 1995, Lindgren et al. 1997).
Feces and urine from predators have been
used to keep damaging rodents and lagomorphs
out of sensitive areas (Boag and Mlotkiewicz
1994, Swihart et al. 1997, Tobin et al. 1997).
Our results indicate that feces from coyotes
and bobcats have qualities attractive to mesopredators like raccoons and opossums, despite
the fact that often they are killed by these
larger carnivores. We feel it is unlikely that
feces or Urine from dominant predators would
be an effective repellant to smaller meso~
predators. Additional research is needed to
evaluate the responses of small predators to
feces ap.d urine from dominant predators.
Funding for this project was provided by
the Kansas Cooperative Fish and Wildlife
Research Unit, United States. Geological Survey. We gratefully acknowledge Sunset Zoo~
logical Park and Dickerson Park Zoo for their
time and donations ofbobcat and coyote feces,
respectively. We thank David P. Jones, wildlife
administrator at Fort Riley, for assistance in
selecting study sites and coordinating research
activities with military training to allow access
to study sites. We thank Kyle Van Why for neld
assistance and providing literature related to
this project.
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DISCOVERY OF THE MILLIPED TYLOBOLUS UTAHENSIS CHAMBERLIN
IN ARIZONA (SPIROBOLIDA: SPIROBOLIDAE)
Rowland M. Shelleyl and Lawrence E. Stevens2
Key words: Tylobolus utahensis, distribution, Grand Canyon, Utah.

The milliped Tylobolus utahensis Chamber~ because of pigmentation on the meso- and
lin, the easternmost representative of the metazonites. The inesozonites of the male,
genus that otherwise occurs west of the crest however, are light brown while the metaof the Sierra Nevada and Cascade Mountains zonites are dark reddish brown, the combina(Keeton 1960, 1966), is lmown from Washing~ tion imparting an overall brownish coloration.
ton County and the western periphery of Anatomically, the millipeds conform closely to
Kane County, Utah, Nye County, Nevada, and published characterizations, except that the
Inyo County, California, an east-west distance anterior gonopod coxae of the male are essen~
of some 300 miles (480 Ian; Chamberlin 1925, tially smooth, with only a few scattered denti~
Chamberlin and Hoffman 1958, Keeton 1960, cles, while the denticle fields on the posterior
Shelley and Bauer 1997, Hoffman 1999, Shel~ gonopods, as they extend onto the lobe at the
ley 2002). Shelley and Bauer (1997) predicted base of the tibiotarsus, are larger than shown
discovery in intervening parts of Clark and by Shelley and Bauer (1997, Fig. 3).
The discovery of T. utahensis near the ColLincoln Counties, Nevada, and Mohave County;
Arizona, along the Virgin River, but did not orado River in the Grand Canyon suggests
address potential occurrence to the north or that the species may also occur in side canyons
south of the lmown range. On 3 April 2001 the of Glen Canyon National Recreation Area, an
2nd author collected 1 male and 1 female of T. impoundment of the Colorado located east of
utahensis at Upper Deer Creek spring, located the lmown range in Utah; the species may also
on the north side of the Colorado River in be expected an equivalent distance to the north
Grand Canyon National Park, Coconino County; in riparian desertine sites in western Iron and
Arizona, around 88 miles (141 km) south~ Beaver Counties; Utah. Figure 1 depicts the
southeast of lmown localities in Utah. This lmown distribution.
The specimens are housed in the collection
spring, the primary source of Deer Creek,
at
the
Museum of Northern Arizona, Flagstaff,
emerges from a cliff~side pourout at approxi~
#DIPL 1.0003. They were ti1ken durunder
mately 2985 feet (910 m) elevation and plunges
ing
an
ecological inventory of the site coninto the main channel of Deer Creek, which
empties into the Colorado River at mile 136, ducted by the Grand Canyon Wildlands
downstream from Lees Ferry, Arizona. The Council under National Park Service permit
individuals were found together during the #GRCA-2000~SCI-0018.
day under a small slab of limestone near the
LITERATURE CITED
base of the pourout (elevation 2706 ft [825 m])
and appear to be fully grown adults with legs CHAMBERLIN, RY. 1925. Notes on some centipeds and milli·
on all except the last 2 segments. In contrast to
peds from Utah. Pan-Pacific Entomologist 2:55-63.
the observation by Shelley and Bauer (1997), the CHAMBERLIN, RY., AND RL. HOFFMAN. 1958. Checklist of
the millipeds of North America. United States National
male is noticeably larger, being 51.6 mm long,
Museum Bulletin 212:1-236.
4.8 mm wide, and with 50 segments, while the HOFFMAN,
RL. 1999. Checklist of the millipeds of North
female is 44.8 mm long, 3.9 mm wide, and with
and Middle America. Virginia Museum of Natural
48 segments. The female is notably reddish
History Special Publication 8:1-584.
IResearch Lab, North Carolina State Museum of Nalural Sciences, 4301 Reedy Creek Road, Raleigh, NC 27607.
2Stevens EcologiClu Consulting, Box 1315, Flagstaff, AZ 86002.
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Fig. 1. Distribution of Tylobolus utahensis.
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